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Final report for NASA grant NAGS-1554

This serves as a final report for grant NAG5-1554 entitled Energization and Transport of
Tons of Ionospheric Origin in the Terrestrial Magnetosphere. The work has been predominantly
focused on ion outflows identified in two data sets: 1) Prognoz 7 and 2) Dynamics Explorer.

The Prognoz analysis has been carried out in conjunction with Dr. Oleg Vaisberg of IKI.
The study analyzed ion densities, temperatures, and flow velocities in the magnetotail. The work
performed under this contract consisted of developing a program to load the raw data, compute
the background subtraction of a strong sun pulse, and use the net counts to calculate the low
order moments of the distribution function. The study confirms the results of ISEE that the the
cusp is a major source of plasmashcct plasma and goes beyond this to discuss the use of ion
velocities as a way to examine the motions of the magnetotail. The initial work will be reported
in Advances in Space research and is included in abstract form as Appendix A. In addition,
Appendix A also contains a draft of a paper by Delcourt et al. which will be submitted to
Geophysical Research Letters in June.

The work on the DE/Relarding Ion Mass Spectrometer data set represents the bulk of the
effort. The work carried out under this grant is separated into two categories: 1) classification
of low-energy ion flows from high-latitudes, and 2) studics of the polar wind. Thc work on
classification of ion flows has consisted mainly of support work on studies that begin before my
departure from NASA Marshall Space Flight Center. The major publications that have resulted
from this work are: 1) the determination of plasma fluxes from the cleft ion fountain Pollack et
al. [1990] and the recent thorough analysis and characterization of DE/RIMS high-latitude ion
outflows by Giles et al. [1995]. These reprints are included as Appendix B of this report.

The polar wind is indeed a component of the low energy ion outflow at high latitude.
However, the extensive theoretical work on this subject puts it in a category all to itself. The
analysis of the polar wind by the RIMS group in the latc 1980’s culminated in the work of
Chandler et al. [1991] (see Appendix C). This work reports the flux variability as a function of
season, magnetic activity, etc. and was partially supported by this grant. In addition, much effort
has been expended under this grant to complete a follow on study of the thermal structure of the
polar wind. Extensive display tools and analysis software have been developed and used in an
attempt to carry out this thermal analysis. However, the difficulties of performing multi-
parameter, non-linear least squares fits has so far proved to be insurmountable. Therefore, the
present work (see notes in Appendix C on work still in progress) uses a constrained fit scheme
that combines the ion densities and flow velocitics derived from Chandler et al. [1991] and a
spacecraft potential derived from an empirical relation to the total ion density (utilizing the
complete RIMS data set) to determine the remaining fit parameter, the ion temperature, via a
least squares fit to the RIMS data. Reports of this work are anticipated in the near future.
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MEASUREMENTS OF PLASMA IN THE MAGNETOSPHERIC TAIL LOBES

O.L. Vaisberg, and L.A. Avanov
Space Research Institute
84/32 Profsojuznaja St.

117810 Moscow GSP, Russia

J.L. Burch and J.H. Waite, Jr.
Southwest Research Institute
6220 Culebra Road
San Antonio, TX 78238-5166

ABSTRACT

The plasma spectrometer SKS on the Prognoz 8 satellite was able to measure the very dilute
plasma in the tail lobe at distances 15-20 Earth radii about 50% of the time. The energy of the
ions, being in the range of several hundred electron volts, decreases as the satellite moves from
the high-latitude magnetopause to the plasma sheet. The velocity spread of the ions is narrow
in the direction of motion, corresponding to a temperature of several eV. The temperature in the
transverse direction is 2 to 3 times higher. Comparison with magnetospheric convection models
suggests that these ions originate at low altitudes in the region near the cusp and are separated
in the magnetospheric velocity spectrometer. Observed velocity variations along the spacecraft
trajectory suggest the existence of a characteristic velocity profile and a characteristic
temporal/spatial scale. Comparison of simultaneous E/q measurements with mass-selective
detector measurements of protons and the alpha particles suggests that lobe plasma at these
distances consists primarily of oxygen ions, The averasge ion flux density is about 3x10° cm™?
s giving estimated total flux over the lobe about 10% 5!, comparable to cusp/cleft source.
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SIGNATURES OF IMPULSIVE CONVECTION
IN THE MAGNETOSPHERIC LOBES

D. C. Delcourt! , J A Sauvaud?, (). I.. Vaisberg?® , .. A. Avanav$,
1 1. Burch?  and ] H Waite, Jr 4

Abstract.  Wo cxaminc the injoctions of tailward flowing O* ions measured by the
'ROCNOZ-8 spacecrafl in the magnetospheric lobes using three-dimensional single-pa licle
codes. The repeated energy-time injection patteins observed are unexpectedly well correlated
willh AF vaiations during a time interval of wbout 7 hours. Such a correlation leads us 1o
consider the cffects of transient intensification of the large-scale magnetospheric. plagsma
convection. Using a simple model of time-varying eloctric. field, we show that the source of the
ions lies near the dayside cusp. This source extends over a narrow (a few degrecs) latitudinal
interval in the vicinity of the last closed field line, likely involving ions expelled into the
magnetosphere afler being transversoly accelerated. We demonstrate that, downstrcam of the
ejection sito, impulsive convection leads to prominent structuring of the tailward streaming
particles with abrupt cncrgy variations on small Iength scales. We sliess that the changcs in
large-scale plasma convection are linked (o processes internal to the magnetosphere occurring
during substorms, The ugieement between the numerical results and the data provides further

evidences that there exists a close relationship between the AJ; magninide and the convection

clectric field.

L CETIYCNRS, Saint-Maus des Fossés, Frune
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J. Introduction

Ou Aupust 27 1981, the PROGNOZ-8 spacecraft traveling inbound in the magnctospheric
lobe (northern hemisphere) recorded several imjecuous of jons with euergies in the 200-eV Lo
I-keV rangc and propagating in the antisolar direction. 1n a previous study, Vaisherg er al.
[1995] identified these tailward flowing ions as cold ion beams mainly consisting of
ionospheric ()™ and suggested they originate from the cusp region. I'he botlom pane! of Plate 1
shows the energy-time spectrogram recorded during this pass. In this panel, it can be seen that
the PROGNOZ-8 spacecrafl enters into the magnetosphere at approximately 06:30 UT as
identified by the intense flux of energetic tailward flowing particles in the plasma mantle
adjoining the magnetopause [Rosenbawer et al., 1975], Subsequently, as the spacceraft travels
through the lobes in the vicinily of the midnight meridian planc, repeated structurcs are
noticeable which are well separated in time and nearly shaped as inverted Vs. These structurcs
occur from ~12,00 UT (Z ~ 18 Rp) until ~23.00 UT (Z ~ 8 Rp). The spacecral then
encounters the plasma sheet and ultimately the radiation belts,

Tt is of interest to note that the occurrence pattern of the ion injection structures and the
simulianeous A/ varjations shown in the top panel of Plate | are quite similar in shape As a
maiter of fact, a cross-correlation analysis between the AL magnitude and the energy of the
maximum O* flux in the spectra reveals a correlation coeflicient of ~0.7 between 13:00 and
19:00 UT with a timo lag smaller than --10 minutes (the A% change precceding the cnergy
change). This correlation suggests that the injcotion structures arc linked to global changes in
thc magnctospherc and intimately related 10 substorm processes. As these AF vaialions aic
indicators of substorms which lead (0 temporwy intensification of the larpe-scale
magnetospheric plasma convestion, the purpose of this paper is to revisit more quantitatively
the results of Vaisbery er al. [1995] using three-dimensional calculations of single-particle

trajectories in presence of a time-varying clectric field.

2, Origin of Lailward ¥lowing O*
In view of the good agreement hefween the AF variations and the observed injection

pattern, we start with the assumption that the cross-tail potential drop can be directly related to
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the AL magnitude. Such an assumption clearly is oversimplified. In particular, large changes in
the AL magnitudc provide cvidences of modifications in the magnetospheric current system,
and the above assumption does nct explicitcly take into account the induced clectric ficld
which should result from concurrent dynamical reconfiguration of the magnctosphere. Still, we
will see frum the simulation results that, in first approximation, the above assumption is not
unreasonable in the magnctospheric lobes and that it leads to injection signatures which are
consistent with those observed. As illustrated in the two upper panels of Figure 1, we focused
on the 10:00 1o 19:00 UT sequence of the PROGNQOZ-8 pass and modeled the cross-ail
potential drap (®) in a nearly linear manner with the 475 magnitude, imposing threshold values
of 40 kV for AJ < 200 nT and 200 kV for AE 2 1000 nT. The variations thus obtained are in
qualitative agreement with previous detailed analysis of the relationship between the
magnetosphoric eloctric ficld and tho current in the ionosphere (e.g., Kamide and Baumjohann,
1985, Richmond ct al., 1990, G. Lu, private communication, 1995]. Also, the resuiting three-
hour averaged potential drops (heavy dashed line in the top panel of Figure 1) are comparable
to those detived usiug the Maynard and Chen [1975] equation and appropriate values of the
Ap parameter, viz., Kp = 3" from 9.00 10 12:00 UT, Xp ~ 5% from 12:00 10 18-00 UT., and Kp
= 4% from 18:00 10 21:00 UT [Coffey, 1981).

In order to perform single-particle analysis of the energy-time spectrogram in Plate 1, we
soried out the enerpy of the maximum O* flux during cach 4-minute scan of one of the
PROGNOZ-8 spectrometers. Note that the three spectrometers onboard PROGNOZ-R were
looking within ~ +/-7.5° from the Sun direction (i.e., close 1o tho magnetic field direction). The
energy profile is very similar for all three instruments and is illustrated in the third pancl from
top in Figurc 1 (heavy solid linc). The repeated inverted-V like structures mentioned above are
clearly apparent in this pancl, and thcir modulation according 10 the AL mmgnitude is readily
noticeable by compaison with the scvond punel fium top. To idemify the origin of these
luilward flowing ions, we performed numerical trajectory calculations backward in time from
the spacecrafl location in the fsyganenko [1987] model (referred to as T-87 hereinafter). Each
sample of the observed distribution was assigned a test O' with corresponding  energy,

assuming the particle 10 be nearly aligned with the magnetic field (i.c, nearly zero magnetic
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moment) in the guiding center reference frame. Under such conditions, the particle pitch angle
in the Larth's reference frame is cssentially due 1o the local instantancous ExB drift velocity.
These pitch angles were found to be comprised between 5° and 15° at the spacecrafl altitude
(fowsth panel from top in Tigure 1), that is, in a range consistent with the dircetion of view of
the PROGNOZ-8 detectors (Vaisberg ei al. [1595]). As for the location, it must be stresscd
that the spacecraft cncounter with the magnctopause at ~6:30 UT occurs somewhat lower in 2
height than the position obtained in the T-87 model (sec open square in the left panel of Figure
2). 'T'his difference is of importance when tracking the origin of the tailward flowing particles
as il can lead to unreahstic mapping into the ionosphere. In the numerical calculations, we
adjusted the model magnetopause and the ohserved one by heightening the spacecratt position
by about 1.5 Ry in Z height (soe loft panel of Figure 2), that is in practice, by retarding the
spacecrafl orbit by about 3.8 hours.

The results of these calculations are shown in Plate 2 which shows the computed O*
trajcctorics (color-coded according to their arrival time at the spacecraft) until the firat mirror
point encountered during backward tracing. These mirror points were all found below 1 i),
altiude. Also, the tloee lower pancds of Figure 1 present the magnetic Jocal time (MLT), the
invariant latitude (ILAT) and the time of flight of the particles at mirror point. It can be seen in
these panels that most of the ions originate from a narrow region in the ionosphere. both in
MLT (betwaen ~10 G0 and ~1 1 00 hours) and in TLAT (between ~70° and ~R()°) Here, it
should be pointed out that the numerical results are fairly sensitive 10 the particle pitch angle at
the satellite position as well as to the model adopted for the time-varying electric field. Trial
and orror computations showed that only particles nearly aligned with the magnetic ficld and
drifting in an electric field nearly proportional to the AE magnitudc originate from the topside
ionosphere during the time interval under consideration. Other combinations gave unrealistic
sources of O located well above the jonosphere or even in (he vuler magnetosphere.

On the other hand, the vertical bars in the third panel from top reveal initial energies for
(hese Ot between ~100 eV and several hundreds of cV. These results clearly corroboratc the
suggestion made by Vaisberg cr al. [1995] that these jons originate from the cusp region. In

particular, the T-87 mode! used in these calculations (Kp = 4,4™) places the last field line which
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is closed in the dayside sector near 75° ILAT, and it can be seen that the ions detected by
PROGNOZ-8 vriginate frtom within a lew degrees on either side of this lust <lused field line.
Significant wave activily is known 1o oceur in this region of the high-latitude jonosphere fe.g.,
Lundin, 1988] and from the present results (i.e.. characteristic energy of the order of a few
hundreds of eV and pitch angle of 90° below 1 X, altitude), ion conics locally produced via

transverse heating are likely 1o be the source of the observed tailward tiowing ()t

3. Impuisive Magnetospheric Convection

An interesting feature of the PROGNOZ-8 data is the sharp invorted V-like structuring of
the ion energy (third panel from top in Figure 1). In porticular, clcar interruptions arc
noticcable between two successive structurcs which cannot be interpreted simply from
gcomagnetic mass spectrometer {Lockwond et al., 1985] effccts in steady state, Tndeed, ExB
drift in presence of a constant dawn-to-dusk potential diop leads 10 spatial dispersion of
particles with dilfiaent covgies (or masses) but in 4 continuous manner. This clearly is
incompatible with the dispersion pattern observed. To account for the abrupt variations
portrayed in Ligure 1, one must consider temporal effects within the geomagnelic mass
spectrometer ‘I'o do sn, we performed numencal trajectory caleulations forward in time from a
given source in the topside ionosphere, adopting a time-varying potential drop as shown in the
top panel of Figure 1. In view of the two bottom panels of Figure 1, the sourcc in the
ionosphere was taken to oxtend over 1° TLLAT on either side of the last closed field line at
11.00 MLT. Test OF werc launched from this line source at distinct times (by steps of 10-
minutcs) throughout the 10:00-19:00 UT interval.

Examples of the trajectories achieved aie given in Figure 2. In this figure, one of the O*
(solid line) is initialized al 76™ ILAT while the other (dashed line) is launched 10 minutes later
fiom « higher invariant latitude (77° TLAT). As a general comment, it can be seen in the upper
right pancl of Figure 2 that, in both cases, a significant cnergy gain (from 300 eV up to ~A00
eV) is obtained afer about 10-minutc time of flight as the particles travel through a region of
enhanced field line curvaturc. As can be seen by comparison with the center right panel, this

energy gain essentially occurs in the parallel direction as a result of curvature drift through the

(¥



[

Fax @mis par @ 33 1 48 89 44 33 CETP CNRS SAINT MAUR A4->a4 12/65/95 19:13 Py: 7?7

[(

convestion electric field equipotentials [c.g., Cladis, 1986). It is also apparent that phasing
between the particle orbits and the time-varying convection electtic field (lower right panel of
Figure 2) leads 10 substantial variations in the net purticle path. Most notably, the O* launched
from a highcr 1LAT (dashed line) which should intercept the spacecraft at a later time and a
lower Z height in the magnctospheric lobe, is actually recorded at a position similar to that of
the () originating trom a lawer 1LA'T" (solid line). ‘This phasing eftect combined with the above
curvature-related acceleration can provide the mechanism for the well-separated inverted V-
like structures in Figure 1.

This can be approciated in Figuro 3 which shows the energy variations obtained along the
satellitc pass agsuming either a constant (100 kV) dawn to dusk potential drop (top pancl) or a
time-varying onc (sccond pancl from top). For simplicity, a 300-cV initial cncrgy was
considered in both cases. In the steady-state case (1op panel), a continuous pattern is obtaincd,
exhibiling & monotonous cucigy decicuse fiom ~700 ¢V at 10.30 UT down to ~450 eV al
15:30 UT. These variations result from cnhanced flcld line curvature in 1he outer cusp region,
and thus larger energization for particles launched from lower ILATs As mentioned above,
this pattern is incompatible with that ohserved (light lines) even though the average energy is
fairly well reproduced. In contrast, in the second panel from top, narrow OV siructures with
increasing and decreasing energies are noticeable from -13:00 to ~18:00 UT, which resomble
those observed. In particular, the energy modulation follows quite well the A/ variation. This
agreement is essentially qualitative as the amplitude of the encrgy change is substantially
smaller than that obscrved. This latter cffcct may be duc to the mono-energetic character of the
modcl source considered. As for the time interval beforc ~13:00 UT, the computed patluin
sharply differs from the observations. However, we nute that this period of 1ime corresponds
to a fairly weaker magnetic aclivily (Kp — 3*) which may lead to distinct characteristics of the
vuiflow [e.y., Yau ef ul., 1986],

Returning to the aflernoon sequence, it must be stressed that the good agreement was
obtained by shifting the numerical results by ~1$ minutcs toward earlier times or, cquivalently,
by considering that the injections respond 1o variations in the convection rate (A1 magnitude)

with a time delay of the order of 15 minutes. Within the limits of the model, this estimate is
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compatible with that obtained by direct comparison of the energy spectra and the A/ variation
profile (scc introduction). This time delay is significantly smaller than the time of flight of tho
particles from the ionosphere to the spaccerafl (of the order of 40 minutes; see Figure 2), but it
is comparable to the time required for an O™ 1o travel over the distance between the spaceerafl
aud the 1egion of enhanced field line curvature where ¢nergy can be gained. In other words,
what the numerical model suggests is that (e stiuctured injections vbserved do ot result fiom
a temporal modulation of the O' source in the cusp region (which would take too long to
propagatc down to PROGNOZ-8) but from the time-varying eleciric field acting upon the
particles during their magnetospheric transport, This mechanism which operates in the
magnetospheric Inhes is reminiscent of that discussed by Mawk | 19%6] in the near-Karth plasma
sheet whereby phasing between a surging electric field and the particle longitudinal motion
leads to repeated injection patterns.

Finally it should be pointed out that, due to the strong variability of the particle drift paths
with time (as illustrated at left in Figure 2), temporary flux dropouts arc obtnined in Figurc 3
which arc consistent with thosc featured in the data. These flux dropouts call for a limited
cxtension of the source region in the ionosphere. Indecd, it can be seen in the second panel
fivm bottoms in Figure 3 that cach injection involves ious viiginating from lower ILATs owing
to the intensifying magnetospheric convection. In contrasi, after each injection, the upper
latitudinal limit ser on the source region (which extends from 71° TLAT up 1o /9 1LAT)
prohibits particle transport from higher 11.A'I's 1o the spacecraft. Note moreover in the bottom
panel of Kigure 3 that the model O have pitch angles in the range of the PROGNOZ-8

instroment (i.e., within ~15° from the magnetic field direction).

4. Summary

The intent of this paper was to provide quantitative insights into the tailward injections of
O ions reported by Vaisberg et al. [1995] using numerical trajectory calculations. The clem
correlation we found between the observed injections and the magnetic activity (as viewed
from the AL variation) suggests o consider the effect of sudden enhancements in the

magnetosplietiv vonvection rate, The interpretation framework developed in this study clearly
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15 a simphifivd description of particle transport during such events. Nevertheless, there me clear
indications that impulsive convection is at work and is responsible for the observed injections,
namely: (1) numerical simulations of this effect place the source of the tailward propagating
iong in the vicinily of the dayside cusp. 1.c, in a region known to be an active source of O,
and (2) steady-state plasma convection cannot lead to a dispersion pattern compatible with the
observations. In contrast, the repeated injection structures as well as the flux dropouts between
them are well reproduced if one considers large electric field variations on short time scales.
These variations lead to distinct energy gains during transport from tho ionosphore as well as
intricated drifl paths which occasionally intercept the spaccoraft. It may be that part of this
electric field intensification is of inductive naturc though the present study lumps it with the
large-svale convection. These resulls cleaily exemplify the role of substoi expunsion 1clated

electric fields in the magnetospheric lobes
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Plate Captions
Platc 1. (Top) AE index versus time. (Botiom) Color-coded energy-time spectrogram

recorded Ly the PROGNOZ-8 spacecrafl on August 27 1981 This spectrogram relute to

pailicles propagating tailward with pitch angles smailer than 15°,

U VR PSP DV 8 DU OF ¥ Sy A

Plate 2. Model O™ trajectories in the noon-midnight meridian plane. These trajeclorics are

-

color-coded according to the arrival time at the PROGNOZ 8 location (heavy solid line).
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A Survey of Upwelling Ion Event Characteristics

C. J. PoLLOCK." M. O. CHANDLER.! T. E. MOORE.' J. H. WAITE. Jr.?
C. R. CHAPPELL.' AND D. A. GURNETT'

lonospheric ion upweliing in the vicinity ot the dayside cleft has been studied. based primaniy on data from
the Dynamics Explorer | spacecrait. Using retarding ion mass spectrometer low-energy 1on data and plasma
wave instrument de electric field data. butk ion plasma parameters. including 1on species density and field-
aligned bulk velocity and tlux. have been derived at points within a number of observed upwelling ion events tor
the ion species H™. He 7. O~ . and O~ ™. The ion species bulk parameters near the source latitude are examined
and compared. We find that the upwelling plasma is rich in O . which typicaily comprises ~90% of the particle
density. followed by H™ at somewhat less than 10%. and then He™ and O~ ~. cach comprnising ~ 1% of
the upwelling ion panicle density, The upwelling O~ ion tlux is also commonly dominant over that associated
with the other species. with normalized values near the source region which are typically near 10" cm “s '. The
tractional upward H™ flux 1s not as small as the fractional H™ density due to the much larger H™ upward
tflow velocities. Integration of the product of the normalized upward 10n species flux and the upwelling ion
occurrence probability (Lockwood et al.. 1985) over the source area yields an esumate of the source strength of

this low-altitude cleft region magnetospheric piasma source of 2.6 x 10" ions s *.

I.  INTRODUCTION

During recent years. it has been consistently demonstrated that
the Earth’s ionosphere acts as a significant source of magneto-
spheric plasma (Shellev er al.. 1972. Young et al., 1977:
Ghielmeni et al., 1978: Johnson, 1979: Baisiger er al.. 1980
Gorney et al.. 1981: Lundin et al.. 1982. Collin et al., 1984; Yau
et al.. 1984, 1985: Lennartsson and Shellev, 1986). In fact. it has
recently been argued (Chappell et al.. 1987] that ionospheric
plasma may fully populate the magnetosphere, with no significant
solar wind source being required to account for observed mag-
netospheric charged particle populations. Recognition of the
importance of the ionosphere as a source of magnetospheric
plasma began with observations of heavy ions. previously
believed to be gravitationally bound to low geocentric altitudes. at
magnctospheric altitudes. As such observations continued to be
reported. in diverse magnetospheric regions such as the ring
current {Johnson et al.. 1977]. the plasma sheet {Peterson et al..
1981]. and the plasma sheet boundary layer and tail lobes
[Eastman er af .. 1984]. it became apparent that escaping plasma
transport from very low altitudes must be quite common. At the
beginning of the 1980s. however. the questions of transport
mechanisms and specific source regions were only beginning to
be observationally addressed.

Observations  of outflowing ionospheric ions have been
reported by a number of authors in the last decade. Outflowing ion
distributions  which have apparentiv evolved. beginning with
transverse (to B) acceleration and followed by magnetic mirror
folding. have been observed near | Ry [Sharp et al.. 1977] in the
topside 1onosphere [Klumpar, 1979] and at sounding rocket alti-
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tudes (Whalen et al.. 1978: Yau et al.. 1983; Moore et al.. 1986a:
Kintner et al.. 1989]. Since the launch of Dynamics Explorer |
(DE ). observation of low-energy ionospheric plasma outtlows
has become very common. The realization that the dayside mag-
netospheric cleft region represents a significant source of outflow-
ing plasma began early in the DE mission. based on backward
trajectory analysis of upflowing beams observed in high-altitude
{2-4 Rg) polar cap field lines [Waite er al.. 1985]. This realization
reached maturity with the work of Lockwood et al. [1985] who
used DE | retarding ion mass spectrometer (RIMS) data to study
the statistical occurrence of various types of ionospheric outflows.
That work identified a persistent (occurrence probability exceeds
0.5 in source region) source of plasma emanating from the day-
side auroral zone. showed that this source apparently favors the
prcnoon region of magnetic local time. and showed that there is a
strong relanonship between the low-latitude edge of the source
region and the location of (usually downward) fieid-aligned
currents. They labeled the observation of the distinctive RIMS
spin-time signature associated with this outtlow as an upwelling
ton event (UWD. Moore er al. [1986b] and Wairte et al. [1986]
presented case studies of an UWIL, observed near 1930 UT on day
71 of 1982. They derived bulk flow parameters for severai species
and demonstrated that the upwelling ion plasma core is hot and
conically shaped, having undergone transverse energization at
some lower altilude. They aiso noted a strong shear in the
transverse electric field associated with the event.

The purpose of the present study is to more broadly investigate
the buik properties of UWIs. using RIMS and plasma wave instru-
ment (PWI) quasi-static electric field data. The results of the study
vield quantification of the densities and the upward field-aligned
veloctties and fluxes. tor the ton species H*, He™, O”. and
O™ ™, associated with these flows. These parameters. as measured
near the lower-latitude edge of the events. where the flows are
most intense. will be presented. All of the available altitude
normalized ion flux measurements from within the upweiling ion
events are combined with the statistical occurrence probabilities
derived by Lockwood er al. (1985] to produce spatiai source
strength distributions. Integration over these distributions yiclds
an improved measure of the total low-cnergy ion outflow rate
trom this source region.

Fi.SCEDG PAGE BLANX NOT FILMED
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2. INSTRUMENTATION

2. The Spacecratr

The observations presented in this report were gathered using
mstruments tlown aboard the Dynamics Explorer | (DE 1) space-
cratt. DE 1 was launched on August 3, 1981 into a highly ellipti-
cal polar orbit with apogee and perigee altitudes at 23.300 km
14,66 R geocentric) and 570 km. respectively. The orientation
ot the orbit plane is fixed in the geocentric equatorial inertial
tGED frame of reference. so that in the geocentric solar ecliptic
(GSE) trame ot reference. it is seen 1o rotate westward at a rate of
0.98%day. This provides for approximately one tull 360° rotation
ot the orbit plane in geocentric local time per year. Further. the
DE 1 line of orbital apsides rotates about the negative orbit plane
normal at a rate of 120%year. so that the geographic latitudes of
apogee and perigee drift retrograde at that rate. The spacecraft
orbit. then. very nearly repeats itself. in the Earth’s frame of refer-
ence. once every 3 years. These aspects of the spacecraft orbit
intluence our ability to study UWIs, not only because the source
region has a limited geocentric solid angular extent. but also
because the flowing plasma seems to evolve substantially with
altitude. Theretore. the plasma characteristics which give rise o
the distinctive RIMS UWI signature appear to exist only in a small
regton of space sampled by the spacecraft for several months once
every 3 years. Furthermore. the orbit forces a phase-locked
aititude-local ume sampling which may bias the occurrence statis-
tics of the local time extent of the upwelling ion source region.
Other aspects of the DE mission have been described elsewhere
[Hoffmann and Schmerling. 1981].

2.2 Retarding lon Muss Spectrometer

Positive ion parameters presented in this report were obtained
using the DE 1 retarding ion mass spectrometer (RIMS) [Chappeil
cr al.. 1981). The RIMS instrument consists of three similar
sensor heads, one each viewing parallel and antiparailel to the
spacecratt spin axis (negative and positive Z heads. respectively)
and the third viewing n the spin plane (radial head). The two Z
heads Teature circular ticlds of view with half angles ot 45°. while
the radial head views a field which has a 45° halt angle in the
plane perpendicular 1o the spin plane and a 20° halt angle in the
spin pianc. Since the DE 1 spin axis is nearly perpendicuiar to
the geomagnetic ficld. the fields of view ot the two Z heads arc
centered nearly perpendicular to that ficld. and the ficld of view of
the radiat head sweeps through a nearly full range of pitch angies
with the spacecraft spin. All three sensor heads were designed to
diseriminate among incoming positive ions on the basis of cnergy
per charge (0-50 ¢Vig). using a retarding potential analvzer
{RPA). and on the basis of mass per charge (1-32 amwg). using a
magnene mass spectrometer. Further, cach sensor utilizes two
detectors that are sensitive to ions with mass ratios ot 4 to | such
that. for cxample. while one detector is viewing O © . the other is
viewing He ™. The RPA on the radial head tailed in late 1981. with
the retarding grid having become clectnically grounded to the
spacecraft chassis so that. subsequent to the tailure date. all ions
with energies per charge greater than any positive spacecraft
potential were passed into the magnetic mass spectrometer. The
Mss spectrometer. in turn, is characterized by a finite encrgy
nassband. whose width is dependent upon the species mass per
charge and varies from approximately 250 eV for H™ down to 16
<V tor O7. The upwelling ion densities. ficld-aligned bulk
velocities, and fluxes presented below were derived using ion data
trom the RIMS radial head.
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2.3

Quase-Sianc Flecrre Frefds

Quasi-statw ciectrie field data presented i this report and used
in deriving won oulk parameters were obtained uning the Z uxis
antenna ot the plasma wiane and quasi-static clectrie ticld mstru-
ments [Shavwhan er al. 19810 This wbular, Y-m up 1o up)
antenna v sensitve to the electrie ticld component perpendicular
to the spacecrait spin plane. The geomagnene nicid s neariy
fwithin 3 m 93¢ of our cases and alwayvs within 127 for our
data sety contned within the DE | spin planc. so that the 7
component clectric ticld is associated with convectve plasma
drifts which are approximately within the spin pianc and perpen-
dicular to the ambient ticld. This clectrie tield
camponent 1s provided at a rate of 16 sampies v F over a nominal
range of 0.5 mV m '10 2V m ' Characteristics of this instrument
which arc pertinent to the analysis technigues cmpioyed in this
study will be described below.

geomagnetic

3 DAaTA ANalysis
.

Data Selection

The obscrvations presented here are taken from a subset of up-
welling 1on events identitied by M. Lockwood through a survey
of the RIMS duta as displayed in the DE | microtiche (with format
similar to Figure 2a displaying data tor the species H™ and He "y in
comunction with his study of the occurrence of various types of
terrestrial 1on outtlows [Lockwood et af.. 1985). Lockwood et al.
used a qualitative visual signaturc identification technique o
identify these upwelling ion events. The RIMS spin-time up-
welling ton event signature has been described elsewhere (see. tor
example. Plate 3 of Lockwood er al. |1985)). This signature is
again illustrated in the O~ data presented in Figure 2a. where the
count rate in the O ™ channel is shown plotted in grey scale versus
UT (along with certain orbital parameters) along the abscissa and
the RIMS radial head viewing direction. with respect to the space-
cratt ram direction. along the ordinate. The solid and dashed lines
running through the spectrogram trom lett to right indicate view-
ing angics along the positive and negative scomagnetic ticld
dircctions. respectively. For northern hemisphere passes. 1ons
detected while viewing aiong the posiive magneuc tield direction
are moving n the anuticld direction and, theretore. uway trom the
Earth. The signature of the event is evident in Figure 2, beginning
near 2320 UT and continuing unui just past 2327 UT. The ramp-
like upward flux intensification. followed by a sharp cutoff and
return to ram-dominated tlow into the instrument at the low-
latitude cdge of the event. typifies the signature of these events
used by Lockwood ¢t al. in ther fiche survey.

Having surveved the available data obtained between October
1981 and October 1983, Lockwood et al. identified 86 upwelling
ion events. These events were 1dentifiable in the fiche for periods
of ime ranging trom | 1o 13 min. providing a total of nearly 4350
min of observation within the cvents. Of these ¥6 events. we have
sclected 39 for inciusion in the analysis for this report. This selee-
tion was based. in part. on the requirement that the RIMS instru-
ment be operating in a mode without aperture bias applied to the
instrument entrance and on the further requirement that the meas-
ured Z component of the electric fickd was deemed reliable. The
RIMS instrument features an aperture bias capability. whereby a
negative clectrostatic potential may be applied to a end at the
entrance aperture. in order to overcome the eftects ot a positive
spaceeratt potenual, allowing access of very low-energy 10ns 1o
the mstrument. Ot the 86 upwelhing 1on events dentitied in the
Lockwood et al. study. 20 were from umes when RIMS was
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operating in the aperture bias mode. and analysis of these events
has been deferred pending the development of routine analysis
tools tor this mode. For another ¥ cvents. cither the digital RIMS
data or the attitude and orbit data were unavatlabic. Of the remain-
ing 38 cvents. 16 were rejected because the Z antenna de clectnic
ticld data were deemed unreliable. This antenna has a length of
Y m up to up. as compared with the spin planc antenna which is
200 m long. It is known to be subject to stray tields that ongtnate
from dittcrential spacecratt charging and can have large amplitude
rclative to the fields of interest. This lett 42 cvents. from which 2
were rejected due to a combination of no electric tield data avail-
uble and highly variable. ditficuit to interpret ion data and | was
rejected due to the apparent presence of a teiemetry dropout dur-
ing the event. Thus. 39 of the original 86 events. or 45%. have
been processed to obtain ion bulk parameters along the spacecratt
track. Of these. 5 have no electric ficld data. and values of £. = 0
have been assumed. These 39 events, consisting of a total of
ncarly 200 min of observation. constitute the data set used in the
present analysis.

1

3 Dervation of lon Bulk Parameters

Due to the failure of the RIMS radial hcad RPA. ion energy
spectra are not available in the spin plane data. This situation has
led to the development of an alternative technique tor deriving ion
buik parameters from the RIMS radial heat data. This geometrical
technique. developed by Chandler and Chappell [1986]. provides
a measure of the field-aligned ion bulk velocity and ficid-aligned
ion flux of all ions of a given species which fall within the energy
passband of the magnetic mass spectrometer. Derivation of the
field-aligned bulk velocity depends upon the presumption that
there are three distinct contributors to the species bulk velocity in
the spacecraft spin plane and frame of reterence (see Figure 1),
These contributors are the spacecraft-induced ram velocity (V).
E x B dritt (Vgg) and fticid-aligned drift (V}) velocitics. The
spacccraft ram component is obtained from the orbit and attitude
data base. while the E x B drift component 1s derived. using meas-
ured clectric and magnetic ficlds. as
cExB _ g2 B ) km o

B} IB| i
where. on the extreme night-hand side. £. is the measured 2
component of the electric field. expressed in mV m™', and B is
cxpressed in gauss. Here. we have used the approximation that the
magnetic ficld lies in the spin plane of the DE | spacccraft. As
was mentioned above. this approximation is always good to
within 127 for the data used in this study. Then. the total spin
plane 1on species bulk velocity in the spacecraft frame of refer-
Cnee Iy given as

Vi =

A e
‘\pm plane = (Ve + "\l) X +( Ve t Vean) y 12)

where vy s the field-aligned bulk velocity we are trving to deter-
mine. v and vy are the X and ¥ components of the ion ram
vetocity . and

XN=B y=IxX 7=-0_ (3)
Note that positive values of ficld-aligned bulk velocity correspond
to upward and downward drifts in the southcrn and northern
henuspheres. respectively. All tield-aligned drifts presented in
this paper are upward. however. and we have plotted these as
Here, w is paralicl to the DE 1 spin angular
momentum. The unknown parallel drift vetocity 1s given as

positive,

(Vep T V) cotla) — Vi (4
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Fig. 1. The coordinate system and geometry used for computing ion
species upward bulk velocity from RIMS spin curves and PWI elecinc tield
data is displayed in the top panel. At the bottom. a typical RIMS count rate
spincurve is shown. and the meaning of angles idenufied in the sketch above
15 illustrated. The magnetic pitch angle at which counts are accumulated is
displayed as the triangular wave 1 the bottom panel.

The angle o is measured as the difference
a = b,—dy (5

in spin phase angles between the location (dp) of the centroid of
the distribution of ion counts with spin phase and the direction
(dy) along which the positive magnetic ficld direction is viewed.
Spin phase angle (d) 15 that measured about + 2. from the space-
craft velocity vector to the RIMS radial head look direction. In
order to derive the ficld-aligned ion flux for a given species. the
product of the instrument count rate and calibrated instrument
sensitivity factors are cosine weirghted. with respect to the spin
plane velocity vector (given in cquation (2). above). and inte-
grated over spin phase angles. yiclding the flux (/4) along the
direction of the total spin planc velocity vector. The field-aligned
tflux is then obtained as the product

v
W= Jp —1 (6)
|V~.pm pluntl
and the species particle density is estimated as

I _

41

= (M
lv\pm pluncl

where v ., p,uncl is determined using cquation (2), having deter-
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mined vg,p using measured ficlds as in cquanon (). the ram
vomponents using orbit and attitude data in conjunction with mag-
netie tield data. and vy using equation (4) as described above. Our
estimate tor the species particle density is actually a lower bound.
which disregards the possible presence of ions at energics lower
than any positive spacecratt potential. This technique has been
applied to data obtained 1n and near the 39 upwelling ion cvent
mtervals included in this study. We have used |-min data aver-
dges throughout in analyzing the PWI electric tield and the RIMS
on data.

13 Error Analvsis

The above analysis involves two potential sources of error.
First, tor angles (o) near  or 0, corresponding to highly field-
aligned or anti-field-aligned flows. the analysis produces values
of vy which are unrealistically large and positive or negative,
respectively, for any nonzero difference (v,,,—]v,;,s[), We have
discarded resuits which yield a total velocity so large that the
vorresponding ion kinctic energy per charge would be too large to
he passed by the magnetic mass spectrometer. The accuracy with
which we can determine a is on the order of =2°. so that
the anaiysis of flows which are in actuality within ~2° of being
ticld-aligned would be expected 1o produce values of vy whose
magnitudes are arbitrarily large. We have propagated an uncer-
tmty of =2° in a through the anaiysis.

Sccond. the accuracy with which we know the values of the Z
component ot the de electric ficld is limited by the performance of
the PWI Z antenna in these fow- to medium-density plasma
regimes. We have carcfully examined the electric field data on a
case-by-case basis and selected only those events characterized by
spin-averaged ficld profiles which vary smoothly. or with reason-
ably small amplitude. both immediately prior to and following the
upwelling cvent itself. as identified in the ion data. Further. we
have derived estimates of the magnitude of the uncertainty in the
values of £, in the manner described below. and propagated these
through the analysis. In processing the electric field data. we have
berun by producing 4-s (spacecraft spin period = 6 ) averages
if.- v and standard deviations (o, ) about the means of the 16
~ample s ' data. producing 1S pairs of values per minute. The
mean values of these two quantities represent [-min averages of
.. which we have used in the computation of ion bulk
parameters. and of o, ., which represents a spin period time scale
crror estimate. Further. a 1-min time scale error estimate (o4, ) is
derived as the standard deviation of the 15 values of E. ., about
their mean. These two error estimates, in addition to a nominal
uncertainty of 4 mV m~', have been treated as independent con-
tributors to the uncertainty in £,. as

AE, = \A;f\q-géo ot (4 mTV)’ (8)

4. RESULTS
4.1 Results for a Single Puss

Figure 2 illustrates the nature of the data used in the anaivsis
and the results for a single pass on day 60 of 1982. These resuits
urc not typical. in that this was a particularly intense event,
observed at unusually low aititude on a day characterized by a sus-
tained high level of geomagnetic activity. The ion and electric
tivld data shown in Figure 2 arc piotted against UT. with various
spacecraft orbital parameters also indicated along the horizontal
+¥is. The interval selected shows a DE | pass from the northern
polar cap across the dayside auroral zone.

ce AL TR
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Figure 2a shows the RIMS radial head Spin time spectrogram
for O™ and has been described above in the context of data selec-
tion. The full time resolution Z component electric field data and
the processed Z component data are shown in Figure 26 and
Figure 2c. respectively. The full time resolution electric field data
in Figure 25 show not only the steady offsct induced by spacecratt
motion across the magnetic field. but also a distinct modulation
induced by nonstationary spacecratt sheath structure. Recall that
since the electric Z antenna is aligned with the spacecraft spin
axis, spin modulation in this signal is not expected in the presence
of spacecraft sheath structure unless the structure changes with
spin phase. Note the large-amplitude. unresolved excursions in
the electric field signature near 2327 UT. The long wire electric
antenna on DE 1 shows a similar signature, which is quite
common near the UWI source region. The possible role of these
large-amplitude and highly structured electric fields in producing
the upwelling ion flows will be addressed in a future publication.
The final electric field data product. which is used in computing
the ion buik parameters, is shown in Figure 2c. where values of
AE. as given in equation (8) are used in determining the size of the
crror bars. In these I-min averages, the contribution induced by
spacecraft motion has been explicitly removed. and the spin mod-
ulation removed by the averaging procedure. It is evident from a
comparnison of Figures 2b and 2c that significant structure. present
in the unprocessed field data, is lost in the l-min data product.

In Figures 2d through 2f the bulk parameters (Vy, Jy. and n.
respectively), denved as described above. arc presented for cach
of the ton species H* . He~. O™, and O™ * . Although the field-
aligned ion velocities and fluxes are generally upward throughout
the interval. they are most pronounced during the minute extend-
ing from 2325:30 UT to 2326:30 UT. It is at this time that the
event is said to maximize in intensity and that the spacecratt is
thought to be directly downstream of the upwelling ion flow
source. in the davside polar cleft.

4.2. Typical Flux, Velocire, and Densirv

Levels at Event Maxima

The rampiike upwelling ion signatures observed as the spuce-
cratt passes from high latitudes through the dayside auroral zone.
followed by sharp cutoffs at the low-latitude edge. are common
features of UWI signatures. These features are interpreted in
terms of a convective etfect. whereby the source of the ion up-
welling exists in a localized zone near the low-latitude edge of the
event and ions arc convected to higher latitudes. dispersing them
poleward of the source. From this point of view. the region where
the upward tlux maximizes. ncar the low-latitude edge of the
cvent. may be considered to be most closely associated with the
source region. The ions observed in this region are characterized
by the shortest flight paths from source to observer and. as we
note. arc those with the largest upward field-aligned velocities.
slower particles having been convected further poleward by the
time they rcach the spacecratt altitude. We have therefore taken
the ion bulk parameters measured at this location to be indicative
of the intensity of a given event, with the proviso that there is a
bias toward larger ticid-aligned velocities.

Having sclected the analyzed data for 39 events. we have iso-
lated the ion bulk parameters at the time in cach event when the
maximum flux was observed. Figure 3 shows a scatter plot of the
measured maximum flux versus the inferred density tor each of
the four species: H ™. He ™. O™ . and O™ ~ . Points lving along the
two lines runming through the piot represent upward buik
velocities of | km's ' and 10 km s°'. While the measured fluxes
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Fig. 2.
1982, The top panel shows a RIMS O *

RIMS ion data and PWI clectric field data are displayed as functions of time for a dayside auroral zone pass on day 60 of
spin-time count rate spectrogram in standard RIMS format. The second and third panels from

the top show PWI dc electric field data in aimost raw and processed tormats. respectively (see text). The bottom three panels display
denved ion species bulk parameters of upward velocity. upward flux, and particle density for several ion species. Note that the O ™ ion
densities have been divided by 10. Various orbital parameters. as well as UT, are listed along the abscissa.

and densities vary over several orders of magnitude. the upward
veloetties tend to fie between | and 10 km s ! for the heavier
~pectes and near or above 10 km s ! for the lighter species. Plots
of the relative occurrence frequency of maximum density, field-
aligned velocity, and flux observed in these events for the species
H . He" . O7. and O™ are presented in Figures da through
4c. respectively. In the case of the maximum flux {Figure 4¢). the
lux values plotted along the abscissa have been mapped to a
~ommon aititude of 1000 km. according 1o an r* scaling law,
while the densities and velocities are plotted as measured.
respective of spaceeratt altitude. This is in contrast to the tlux
values pltotted m Figure 3, which are as mcasured. irrespective ot

altitude. In Figure 4. the species are differentiated by the plotting
symbols used,

Figure 4o shows that these events are typically oxveen-rich
near the source region with tvpical fractonal and absolute O
on - denstties of 0.9 and 1000 fons cm

represents  somewhat large Q-

respectively. This
densities these  altitudes
(~1.5-2 Rp) as compared with polar cap ticld lines (see. for
example. the total clectron density results of Pervoon or al,
[ TOR3. or the 1on species densuy results of MO, Chandler et al.
tObservations of polar ion outtlows. submtted 0 Jowrnal of
Geoplesical Research, 1989 Such laree O 7 densitics are indica-
tve ot increased tonosphenie seale hetghts, probably associated

for
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with buik wonospherte heating at much ower alutudes. These O
density resulls are consistent with the model polar wind results ot
Schunk and Sorka 19894, Our H ™ density results are i wide van-
anee wiath those of Schunk and Sojha. however. with tvpreal
observed H™ denstties of <100 1ons am at geocentrie distances
between 13 and 2 Ry as compared with model results i excess ot
several thousand 1ons per cubie centumeter tat 2500 km altutude).

The upwelling O flux (Figure 4¢) is also dominant over that
assoctated with the other 10ns. with maximum scaled flux levels
which typically approach 10 ions cm™™ s™'. far in excess of
predicted polar wind O™ flux levels. On the other hand. the largest
ficld-aligned velocities are measured in the H ™ ions. for which the
upward bulk velocity is generally greater than 10 km s™' near the
latitude of the source region. More modest bulk velocities. of the
order of 3 km s7', are typically observed in the O™ ions.

We have found that the measured upward ficld-aligned bulk
velocity varies systematically with species mass per charge, with
light ions moving upward with higher velocity than the heavier
wons. This point is illustrated with Figure 5. where characteristic
upward bulk velocities are plotted as a tunction of species charge
per unit mass. The distribution of velocities shown in Figure 5 is
dominated by the H™ ions (at ¢/m = 1) which are clearly moving
upward much Taster than the other species. although the He ™ ions
are aiso significantly faster than the two species (O™ and O™ ™)
plotted. The trend is not as strongly supported when comparing
the O and O™ 7 ions either in this figure. which is derived trom
the mean values of the bulk velocities observed at maximum flux,
or on a casc-by-casc basis. where the O is often seen to be
moving upward with higher velocity than the O™ 7. We have
shown a power law fit to the data in Figure 5. which yields

06

z km
(mimp) s

Vu =

where Z is the 1on charge state and (m/m,) is the ton mass. norma-
lized to the proton mass. Processes vielding energies proportionai
to 1on charge but independent of ion mass would give rise o a
quare root dependence of vy upon (grm). An example of such a
process is aceeleration in a paratlel (to By cleetric tield. Howcever.
the warm uand anisotropic nature ot these upweiling plasmas.,
along with their high density. suggests that the omtlow arises due
1o transverse heating in the topside of an already warm cleft iono-
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fre. 30 Mean values of ion species upward bulk velocniies are plotted
versus the species charge per umit mass. The velocities piotted are those
denved from measurements taken at the fower-latitude edges ol UWIs,
where the upward (Tux s seen to maximize. The line indicates a power law tit
1o the duta. wath the fit parameters indicated.
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sphere. followed by upward magnetic folding of the ton dis-
tributions. The analvsis of the thermal properties of these events is
beyond the scope ot this report and will be reported in a tuture
paper. However. 1t is to be noted that upwelling 1on flows arc
tvpreally warm and anisotropic. with temperatures (transverse o
B) of several electron volts. as reported by Moore et al. [1986b6].

Deleourt er al. | 1989] have modeled the evolution ot these ion
tlows using particle ray tracing techmques n realistic gravita-
tional. electric. and magnetic tields. They have found that the up-
welling 1ons generally escape the Earth's immediate vicinity in
large numbers and travel in an extended piume over the polar cap
into the geomagnetic tail and plasma sheet. where the heavier
species arc rather dramatically accelerated as they cross the
neutral sheet.

4.3, Bulk Parameter Correlutions and Dependence

on Location and Geomagnetic Activiry

The reiationship between spatial location and the occurrence of
ion upwelling has been investigated by Lockwood er al. {1985].
Their study showed that tor DE | altitudes below 3 Ry, geocen-
tric. the probability ot observing the asvmmetric RIMS spin-tume
signature of an upwelling 10n event peaks at near (0.7 in the
precnoon magnetic local time (MLT) sector and at invariant lati-
tudes (I1L) between 75° and 80° (sce their Plate 4¢). The question
arises as to whether the intensity ot the upward flow shows
systematic variation with the location of the source region. In
Figure 6. we present scatter plots ot the upwelling O™ flux. meas-
ured during the minute of maximum intensity within the event and
normalized to a common aititude of 1000 km. versus MLT
(Figure 6¢) and IL (Figure 6b). There is substantial scatter in the
observations. with several particularly large flux values. and no
apparent systematic trend. The intensity of the outflow does not
secem to be correlated with the latitude or MLT at which the obser-
vations arc made within the source region.

There ts. however. some indication that the ton composition
within these events varies systematically with magnetic local
time. with the fractional minor species density increasing toward
local noon. Figure 7 provides a convenient summary ot the on
composition for a number of cases in which all four ton species
were measured simultancousiy. As noted carhier. the bulk of the
ion plasma consists of O™, compnising about 90% ot the 1on
density. while H™ contributes ~10%., and He™ and O™ " cach
contribute ~ 1% . The upweiling O~ flux typically represents a
smaller percentage (~70%) of the total upward flux. due priman-
ly to the larger H ™ bulk velocitics. In Figure 7. we show the frac-
tional ion composition plotted versus the magnitude IMLT — 12] to
Hlustrate the existence of a possible systematie relationship
between proximity to local noon and ion composition within these
cvents. Note that values are plotted along the abscissa without
regard to whether data were collected in the prenoon or posinoon
seetor. The fractional composition of the minor species appears 10
increase with proximity to local magnetic noon. The case tor the
compositional dependence upon MLT s stronger tor O 7 7 dlincar
correlation coetficient = —0.7) than tor the other species. The
reason tor this dependence is uncicar. The O7 density (and
theretore total 1on density) appears to decrease with proximity to
noon. although the data arc scattered (lincar correlation coefti-
cient [R]~0.3), while the absolute minor species densities show
no significant trend. These apparent trends in the 10n composiuon
could be anomalous. resulting trom correiations between MLT
and altitude imposed by the DE | orbit. Further studv of this
subject will be required.
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As shown by Lockwood er al. [1985]. the invariant latitude of
the upwelling ion  source region  varies systematically with
Jeomagnetic activity, moving to lower latitudes with increasing
values of the 3-hour Kp index. The association of this upwelling
wource region with the geomagnetic polar cleft and its systematic
latitudinal variation is further illustrated in Figure 8. where the
tnvariant latitude at which the maximum upwelling O ™ flux occurs
is plotted versus a measure of the interplanctary magnetic field
tIMF) B. component. The values of 8. plotted were obtained from
hourlv averages published by the National Space Science Data
Center (INSSDC) World Data Center A for Rockets and Satellites.
I'hese data are a compilation based on [MP 8 and ISEE 3 observa-
tions. The piotted values represent weighted (and corrected for
soiar wind transit time) hourly averages of B. during the hour

lux maximizes, generally at the lower-latitude cdge ot the event,

immediately preceding the minute in UT during which the flux
observation was obtained. For example. in the case of day 71 of
1982 the maximum O~ flux was observed at 1934 hours UT. The
value of B. associated with that event is taken as

_ 3818 10002000 + 2608 15001900

60

where B xxyyn Was obtained from the World Data Center data
base. We have indicated a lcast squares linear fit to the data.
which yields a correlation coefficient of 0.72. We have aiso
shown (dashed linesi the lincar lcast squares resuits of Curbary
and Meng [ 1986). giving the fitted locations of the poleward and
cquatorward cusp boundaries, based on DMSP F-2 and F-4 low.
cnergy electron signatures. as functions of 8. (measured by the

<8,> 19)
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Fig. 8. A scatter plot of the latitude at which the upward O™ flux maxi-
mizes within UWIs. versus the preceding hourly average of the IMF B.
componcent (corrected for solar wind transit time to the magnetopause). The
sobdline represents a linear least squares fit to the data. The two dashed lines
show the locations of the upper- and lower-latitude edges of the cleftlike (sce
text electron precipitation signatures as functions of B.. These edges are as
determined (n the study ot Carbary and Meng [1986].

IMP 8/GSFC (Goddard Space Flight Center) magnetometer). We
note here that although Carbary and Meng [1986] use the word
“cusp.” the study they performed applies to a broader region (in
MLT) which is more properly referred to as the “magnetospheric
cleft™ [Carbary and Meng. 1986. Figure 2. Newell und Meng,
1988]. The distinction is significant because the cusp. found
within a region highly localized ncar noon MLT. as thought to
connect to the dayside magnetopause. while the cleft. found
within a broad region which stretches across the dayside. is
assoctated with the low-latitude boundary layer. Although, as in
the Carbary and Meng study. there is significant scatter in the
data. Figure ¥ unambiguously locates the upwetling ion source
remon within the magnetospheric polar cleft. as identified by the
fow-cnergy clectron signature.

There does not. however. appear to exist a strong relationship
between either the occurrence probability or intensity of up-
wetling 1ons and the averaged value of the IMF B. during the hour
immediately preceding the observation of ion upwelling in the
RIMS data. In Figure 9. we study the occurrence of values of B.as
observed. both in conjunction with an UWI observation and
regardiess ot UWI observation. All three panels in Figure 9
feature an abscissa which is composed of B. values binned in | Yy
bins. from —6 vy to +6 +y, with the leftmost bin including ail
observations of 8, less than — 6 +y and the rightmost bin those with
B. greater than or equal to +6 vy. There were a total of 70
observed UW1 events tor which the IMF data were avaiiable dur-
g both the present and previous hours, allowing the weighted
average described in the previous paragraph to be performed. The
vilue plotted along the ordinate of Figure Ya represents the
percentage of those 70 events which were characterized by a
weighted hourly average of B. which fell within the given bin.
The error bar is derived from the square root of the number of
samples 1n the bin. For example, 9 = 3 of the events were asso-
crated with a value of B, of less than ~ 6 v, yiclding 12.8 = 43¢
of the 70 sampies. In Figure 95 the occurrence of frequency of B,
values. tor il available hourly IMF data during the same ume
pertod as in Figure Yo (days 36-268 of 1982). are plotted for
comparison. The distribution in Figure 96 is peaked near B. =0
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Fig. 9. The occurrence. during the penod between davs 36 and 268 of
1982. of various values of the IMF B. component is studied. both in relation-
ship with the occurrence ot UWIs and independent ot such occurrence. ()
The distribution ot 8, values measured during the hour immediately preced-
ing a RIMS UW1 observauon. 14) The distribution of 8, for all the avariable
data. without regard to RIMS observanions. (¢) The difference between the
data in Figures Y4 and 9b. These difterences should reveal any significant
trend in the dependence of the occurrence o dayside ion upwetfing upon 8..
All IMF data are corrected for solar wind transit time to the magnetopause.

and falls off quite symmetrically to either side. The large
occurrences in the extreme bins are a reflection of the larger bin
size. Figure Yc displavs the differences between the data in the
above two panels. such that the plotted values are cqual to those
plotted in Figure 4. less those plotted in Figure 95. If the occur-
rence of UW1 events were dependent upon B.. we would cxpect to
see that retlected most clearly in Figure Ye. If. for example. UWIs
were more likely to occur for negative values of B.. we woulid
expect to see positive differences in Figure Y¢ tor 8, < () and neg-
auve differences tor B. > 0. No such trend is evident. and we
conclude from these data that UWI occurrence is not dependent
upon the average value of B. during the hour immediately preced-
ing event observation.

A similar statement can be made regarding the dependence of
upwelling O~ intensity on the averaged B. values. as 1llustrated
using the scatter plot of Figure 10. Here we have plotted the
maximum upwelling O~ flux. normalized o 1000 km altitude.
measured during a given event versus the hourly averaged value
of 8, for the hour immediately preceding event observation. The
linear correlation coefficient of -0.14 indicates no signiticant
dependence among the parameters plotted. These results are
somewhat surprising, in view of recent observations of Lockwood
et al. [1988] which suggest that dayside ion upweiling may be a
direct consequence of magnetic coupling at the subsolar magneto-
pause. Further study of the relationship of UWI events to
interplanetary and magnetospheric conditions will be the subject
of a future publication.

4.4, Cleft Region Source Strenvih

The upward ion flux levels discussed in the previous sections
arc not typical of the entire dayside auroral zone. but are
representative of the most intense portions of the upwelling flows.
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Fig. 10. Upwelling O~ flux is displayed as a scatter plot versus the
immediately preceding hourly averaged value of the IMF B. component.
corrected for solar wind transit time to the magnetopause. The flux values
plotted arc the maximum values measured within the UW1s and are normal-
17ed to a common altitude of 10 km. A linear fit to the data. as well as the
resulung lincar corretation coetficient. is indicated.

i the immediate vicinity of the source region. We have computed
bulk parameters from regions downstream (generaily poleward) of
the source region as well. All the measured fluxes. as well as a
measure of the occurrence frequency of dayside ion upwelling,
need to be incorporated into any cstimate of the total ion outflow
from this ionospheric source. The cxpectation value tor the up-
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Fig. 11.  The expectation value <J,> for the upward paralic flux is plotted for the ion spectes H~. O~ . 0O~ ~ . and He *
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ward particle tlux at any location may be expressed as the product
of the upward tlux measured at that focation at the time when an
upweliing 1on event 1y observed and the probability that an up-
welling 1on event will be vbserved at that location. We have
binned our ion 1lux measurements in IL and MLT and combined
them as a product with simiiariy binned values of the occurrence
probabilities reported by Lockwood ef af. {1985]. We have used 3°
IL bins between 307 and 907 and 1-hour MLT bins trom U to 24
hours. The mean 1ux in a given bin is taken as

N

Jl.[.ll
N

iy

n=|

i

where J;;, represents the nth of a total of N flux observations
(normalized to 1000 km aititude) in the angular bin associated
with the indices (1./). The expectation value for the flux in the bin
(i.j) is then given as

<IZij= Ui x (1) (1h
where £, is the occurrence probability reported by Lockwood er
al. {1985). Expectatuon vajues computed in this manner arc
presented in Figure 11 for the species H™. He ™. O~ . and O~ ~ .
where the value ot logi<J>, ) s plotied in polar grey scale
versus 1L and MLT. The expectation values piotted in Figure 11
represent the closest estimate we can make at this time of the
mean upwelling source strength for the various ion species
shown. The outtlowing source region may extend poleward of the
rcgion shown in Figure |1: however, such an extension is not
identifiable within the context of the UWI signature idenufication
on which this work is based. As in the case of the maximum event
fluxes reported in previous sections. O~ and H™ show the mosl
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ntense outtlows. followed by He™ and O~ 7. In all cascs. the
source region is rather spatially structurcless.

The tluxes shown in Figure 11 represent the won tlux expected
at an alttude of 1000 km. having been scaled from the observa-
tion altitudes according to an (r1ry) dependence. where »# and rq
are the geocentric radin of the observation point and the 1000 km
altitude surtace. respectivelv. The total hemispheric particie out-
flow rate may be obtatned by tntegrating over the distributions
shown m Figure 11, To facilitate the integration, the tluxes are
turther scaled to the Earth’s surface. where L and the sphericai
magnetic latitude are equivalent. The total terrestnai outtlow (/)
from this dayside source region. for a given 1on specics. is then
anen as

1 =2 J;i<.)(r.7\.d>)> da

v/ r\? f21r f-n'
=2R: (1o
= 2 Rg (R£> s dd ) d\ <Ji(ro.A . $)>

where we have approximated the gcomagnetic ficld lines as radial
and the factor of 2 accounts tor source regions in cach
hemusphere. This integration has been numerically cammed out
over the distnibutions of tluxes shown in Figure 11. The resulung
outtlows are listed in Table 1. These numbers may underestimate
the total outtlow. since signiticant UWT outtlows may occur pole-
ward of rcgions identified as being within UWIs.

(12)

TABLE 1. The Total Rate <J,> at Which lons Flow

out of the Dayside Clett Region

lon Species <Jy>. ions 5 !

H~ 5 x 10%
He~ 9 x |0
0-~ 2 x 10
0~ 2 x 10

Flows trom both hemispheres are included.

The 1on outflow is dominated by O ™. with 2 x 10°* jons s !
cmanating from the dayside cleft region. The H™ source strength
represents ~20% of the total outtflow. while the minor species
tO7 7 und He™) arc at the several percent ievel or less. These
results are to be compared with those of Yau er al. [1985] who
studied major 1on outflows at energics such that 10 V < Eig < |7
AV. They reported extensively on outflows at latitudes including
the auroral zone and polar cap. distinguishing among flow leveis
on the basis of geomagnetic activity, MLT/IL regime. and solar
cycle. Many of the results of Yau er a/. [1985] are summarized in
their Table 1. They found the total net auroral zone ion outflow to
lic between 2 x 10" and 4 X 10*"ions s ' for H™ and between |
< 10" and 8 x 10°* for O " . depending on geomagnetic activity
and solar ¢ycle. In our Table t. we show a total UWI O™ outtlow
of 2 107" ions s™'. This is of the same order as that reported by
Yau et al. during geomagnetically quiet times. On the other hand.
our results show a total H* outtlow of 5 x (0™ ions s, a factor
ot 5 smaller than that reported by Yau et al. during gcomag-
nctically quict imes. We believe these figures apply to ions with
cnergies less than or of the order of 10 eV/g. This is based on both
the published work of Moore et af. [1986h] and on other.
unpublished work. which show typical ion thermal cnergies
within these events of 5— 10 eVig. The flux levels in the current
study are representative of a wide range of geomagnetic activity.
I'he avadable data do not permit breaking down the global UWI
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outtiow according to geomagnetic activity. It appears. especially
in the case ot the O 7. that the UWI source represents a substan-
tial traction of the total global ion outflow.

5. CONCLUSIONS

With the data presented in the sections above we have reported
the bulk properties of the upwelling ion plasma in the davside
clett regton. We have quantified the distribution of ion species
density. upward bulk velocity. and flux within the cleft source
region. Additionally. we have combined the bulk tlow results
from a numbcr of these events with the occurrence probabiltitics
obtained by Lockwood er al. {1985] to give reliable estimates of
the source strength distribution as a tunction of MLT and IL.
Finally. we have presented a mcasure of the total cleft region
source strength in terms of the number of ions per second to flow
away from the ionosphere. The following specific conclusions
may be drawn trom the work presented above.

1. All observed ion species are seen to participate in the ion
upwelling. Within a given cvent. the upward flux typically max-
imizes near the low-latitude edge of the outtlow. At that location.
tvpical 1on species densities. upward field-aligned bulk velocities.
and upward ficld-aligned tluxes (mapped to a common alutude of
1000 km) arc summarized in Table 2. The distributions about
these typical values have been presented in Figure 4.

TABLE2. Typical lon Bulk Parameters as Measured Within. but Near the
Lower-Latitude Edge of Upwelling Ton Events
Species Bulk Parameter - H~ He ™ [0 e
noem 600 50 N 7
v km s 3 16 7 4
Jy.* particles cm © s ! 6x10¢ 2% 10" 10’ 6% 10°

*Scaled to a common altitude ot 1000 km.

2. There is a systematic dependence of the upward ficld-

aligned ion bulk velocity upon the species charge-to-mass ratio.
with the veloceity increasing approximately with the square root of
« m. This dependence is illustrated in Figure 3.

3. The intensity of UWIs. as measured by the maximum up-
ward O™ flux observed within an event. does not show significant
systematic variation as a function of MLT or IL. This is indicative
of a rather uniform outflow from the dayside cleft region. This
point is illustrated in Figure 6. where scatter plots of the max-
tmum normalized O~ flux versus MLT and IL are presented. The
point is further iilustrated. with respect to all measured flux values
for the species H™. He™. O". and O~ *. in Figure 11. where
the expectation value of the normalized upward flux is shown
plotted in polar form.

4. The 1on density composition of the outflow shows a weak
dependence upon MLT. however. with minor species. particular-
Iy O ™. representing a larger fractional composition near magnetic
iocal noon. This point is illustrated in Figure 7.

5. The statstical association of UWIs with the dayside mag-
netospheric cleft. as identified by low-energy electron signatures
(Carbary and Meng. 1986). is illustrated in Figure 8. This associ-
ation points up the likelihood of a rclationship between the
phenomenon of dayside ion upwelling and the solar wind-
magnetosphere interaction.

6. There is, however. no clear-cut relationship between cither
the occurrence or intensity of UWIs and the immediately preced-
ing hourly avecraged vaiue of the IMF B. component. These facts
arc illustrated in Figures 9 and 10. respectively. As the simplest
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measure of the degree of electromagnetic coupling between the
magnetosphere and solar wind. one might expect to find increased
vecurrence or intensity of UWIs with increasingly negative 4. if.
tor example, UWIs were directly associated with variable aspects
of the large-scale auroral convection morphology or with the
occurrence of magnetopause flux transter events. both of which
depend upon B.. The resulis presented here indicate that neither is
the casce.

Our estimate of the ion outflow rates tinciuding both
hemispheres) trom this dayside cleft source have been presented
i Table 1. These estumates are given based on data collected
between davs 36 and 137 of 1982, and almost all were trom
northern hemisphere passes. Thus. they are generally representa-
uve of spring conditions during an active portion of the solar
cyele. Virtaally all levels of geomagnetic activity are represented.
In the case of O* and H™, these numbers validate the cleft ion
fountain  contributions used by Chappeii et al. [1987] and
Delcourt et ai. [1989] in demonstrating the significance of the
lonosphere as a magnetospheric plasma source.
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Statistical survey of pitch angle distributions in core (0-
50 eV) ions from Dynamics Explorer 1: Outflow in the

auroral zone, polar cap, and cusp

B. L. Giles,! C. R. Chappell,2 T. E. Moore,! R. H. Comfort,3 and J. H. Waite Jr.4

Abstract. Core (0-50 eV) ion pitch angle measurements from the retarding ion mass spec-
trometer on Dynamics Explorer | are examined with respect to magnetic disturbance, invariant
latitude, magnetic local time, and altitude for ions H*, He*, O*, M/Z=2 (D* or He**), and O+,
Included are outflow events in the auroral zone, polar cap, and cusp, separated into altitude re-
gions below and above 3 Rg. In addition to the customary division into beam, conic, and up-
welling distributions, the high-latitude observations fall into three categories corresponding to
ion bulk speeds that are ( 1) less than, (2) comparable to, or (3) faster than that of the spacecraft.
This separation, along with the altitude partition, serves to identify conditions under which iono-
spheric source ions are gravitationally bound and when they are more energetic and able to escape
to the outer magnetosphere. Features of the cleft jon fountain inferred from single event studies
are clearly identifiable in the statistical resuits. In addition, it is found that the dayside pre-noon
cleft is a consistent source of escape velocity low-energy ions regardless of species or activity
level and the dayside afternoon cleft, or auroral zone, becomes an additional source for increased
activity. The auroral oval as a whole appears to be a steady source of escape velocity H*, a
steady source of escape velocity He* ions for the dusk sector, and a source of escape velocity
heavy ions for dusk local times primarily during increased activity. The polar cap above the au-
roral zone is a consistent source of low-energy ions, although only the lighter mass particles ap-
pear to have sufficient velocity, on average, L0 escape to higher altitudes. The observations sup-
port two concepts for outflow: (1) The cleft ion fountain consists of ionospheric plasma of 1-20
eV energy streaming upward into the magnetosphere where high-latitude convection electric
fields cause poleward dispersion. (2) The auroral ion fountain involves field-aligned beams
which flow out along auroral latitude field lines; and, in addition, for late afternoon local times,
they experience additional acceleration such that the ion energy distribution tends to exceed the

detection range of the instrument (>50-60 eV).

1. Introduction

AL polar latitudes, because the Earth's dipoie field is nearly
vertical. charged particles in the ionosphere created by pho-
toionization or particle impact ionization are relatively free to
move upward along the magnetic field lines and populate
higher-altitude regions of the magnetosphere. Since the dis-
covery of energetic O* ions by Shelley et al. [1972], ion com-
position measurements have revealed that a significant
amount of plasma in the Earth's magnetosphere is of iono-
spheric origin [e.g., Chappell et al., 1987; Moore et al.,
1989; Moore, 1991]. The importance of this terrestrial source
is confirmed by the presence of energized ionospheric ions
throughout the magnetosphere, such as the ring current and

ISp:xcc Sciences Laboratory, NASA Marshall Space Flight Center,
Huntsviile, Alabama.
ZNASA Marshall Space Flight Center, Huntsville, Alabama.

plasma sheet [Johnson et al., 1977: Geiss et al., 1978:
Lennarisson et al., 1979:; Balsiger et ai.. 1980:; Lundin et al.:
1980, Peterson et al., 1981: Sharp et al., 1982; Eastman e
al., 1984; Lennarisson and Sheiley, 1986], the magnetopause
and magnetosheath region [Peterson e al., 1982; Hultqvis:,
1983], the magnetotail lobes [Sharp et al., 1981], and the
plasma mantle and magnetotail boundary layer [Frank et al.,
1977; Hardy et al., 1977; Lundin et al.. 1982a. b; Candidi et
al., 1982]. In addition, it has been shown that a significant
portion of these ionospheric-source ions have energies below
1 keV [Yau et al., 1934; Giles et al., 1988; Delcourt et al.,
1988). These lower-energy particles are very sensitive to
small fluctuations in local magnetic and electric fields. They
interact with charge carriers for magnetospheric and jono-
spheric currents and operate as a permeating medium in which
plasma waves are generated and propagated to other parts of
the magnetosphere thereby influencing larger-scale interac-
tions. Thus information about the dynamics of this plasma

k] .
" Department of PhyS|c§ and Center for Space Plasma and component is an effective tracer for broader scale magneto-
Ac:onomic Research, Univcfmty of Alabama}, Huntsville. spheric processes.
Southwest Research Institute, San Antonio, Texas. . .
In understanding the transport and dynamics of charged par-
ticles. information about the particle pitch angle distribution
Copyright 1994 by the American Geophysical Union. (PAD), the arrangement of directional flux with'respect the lo-
cal magnetic field direction, is an invaluable aid. For exam-
Paper number 94JA00864. ple, case studies by Sharp et al. (1977, 1979] expioited field-
0148-0227/94/94JA-00864$05.00 aligned pitch angie distributions to infer the presence, and
17483 PRECEDING PAGE BLANK NOT FILMED



17.484

vertical extent of, parallel potential drops within an auroral
acceleration region.  Also, occurrence statistics of distinct
PAD classifications have been used to examine possible
plasma source locations, acceleration regions, and the subse-
quent evolution of plasma distributions during transport [e.g.,
Nagai et al., 1983: Yau et al.. 1984]. The lowest-energy ions,
in particular, have been shown to exhibit complex pitch angle
characteristics such as field-aligned beams. conics, and
trapped (pancake) distributions {Chappell, 1982; Chappell et
al., 1982al.

The retarding ion mass spectrometer (RIMS) experiment on
Dynamics Explorer 1 (DE 1) represents a major effort to thor-
oughly characterize the lowest-energy plasma component by
measuring ions ranging from 0 eV (or spacecraft potential) up
o 50 eV throughout almost the entire volume of the inner
magnetosphere, from the topside ionosphere out to 4.67 Re.
The RIMS effort has, in its lifetime, revealed previously unob-
served ionospheric plasma sources to the magnetosphere and
called into question accepted theories concerning the relative
contributions of the internal and external sources to magneto-
spheric plasma content.  Specific to the RIMS instrument are
observations of the supersonic polar wind [Nagai et al.,
1984], a source of low-energy heavy ions from the polar cap
and the cleft region [Waite et ai 1985; Lockwood et al.,
1985a, b], upward fluxes of N*, N** [Chappell et al., 1982b]
and of molecular ions Ny*, NO*, and O,* [Craven e: al., 1985]).
It is this data set that will be used to obtain pitch angle distri-
butions of the individual charged particle species.

One of the most intriguing topics in magnetospheric
physics research that will be addressed is the question
regarding the source of particles populating the inner magne-
tosphere.  Concentrations and relative dynamic behaviors of
H*, He**, and O* are commonly used as indicators of a solar
wind or ionospheric source. The RIMS mass spectrometer is
capable of resolving several mass peaks, including H*, He*,
0. 0**, and one at a charge-to-mass ratio of 2. Because RIMS
provides no direct information on charge state, these latter
measurements could conceivably be Ha*, He**, or D*. Breig et
al. [1987]) and Breig and Hanson (19917 have reported on deu-
terium ion flows in the thermosphere. In this case the instru-
ment is a predecessor of RIMS which again, yields the M/Z=2
mass peak with no charge information, but additional correla-
tive evidence with H* determines these samples to be D*.
Young et al. {1977, 1982] and Comfort et al. [1988] report
observations in the relatively cold outer plasmasphere that are
most likely terrestrial source He**. In the present work, be-
cause the DE 1 orbit sampies low aititudes where D* measure-
ments are likely and samples higher altitudes where low-
cnergy He'™ measurements are possible, the RIMS
measurements wiil be referred to as being of the M/Z=2 ion. It
is thought, because of the RIMS energy range, that any He**
measurements would represent doubly-ionized helium produced
in the ionosphere or plasmasphere, not cooled solar wind
He'. Regardless though, of whether the M/Z=2 measurements
are representative of He** or D*, the key issue is whether
evidence exists for these ions, and of H*, He*, O*, and O**, to
have an ionospheric source and then flow outward, such that
they populate both inner and outer portions of the
magnetosphere.

[n section 2 we describe the RIMS instrument and the DE
orbit. and outline the pattern recognition technique used.
Scction 3 describes the classification of the data in terms of
pitch angle distributions and details the consequences of ob-
serving low-energy particles with a moving spacecraft.
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Section 4 contains occurrence probability data with respect to
magnetic disturbance. invariant latitude, magnetic local time
(MLT), and geocentric altitude for invariant latitudes above
60°. Section 5 discusses these data in relation to the transport
and dynamics of plasma in the Earth's inner magnetosphere.
Scction 6 is a summary. A paper (Giles et al.. Statistical sur-
vey of pitch angle distributions in core (0-50 eV) ions from
Dynamics Explorer 1: Map of the magnetosphere’s low-
energy ion component. unpublished manuscript, 1994)
presents statistics for invariant latitudes below 60°,
examining trends with disturbance, magnetic latitude, MLT
and L shell.

2. Instrumentation and Data Analysis
Considerations

The survey covers the ions routinely measured by the DE
I/RIMS instrument (H*, He*, O*, M/Z=2, and O**) in the energy
range 0-50 eV. The observed count rates for each ion were
classified according to their pitch angle distribution as deter-
mined from the radial sensor head of the instrument as it ro-
tated through a full range of pitch angles in each 6-s satellite
spin period. As the spacecraft spins, the radial head (mounted
perpendicular to the spin axis) responds to ion fluxes for
nearly the full range of angles (-180° 10 +180°) with respect to
the spacecraft ram direction.  With knowledge of the Earth's
magnetic field in relation to spacecraft ram. the RIMS spin
angle’ response corresponds closely to a pitch angle distribu-
tion (detailed in section 3). The instrument and its operational
characteristics are described by Chappell et al. [1981), Fields
et al. [1982], and Olsen et al. [1985).

The elliptical polar orbit has perigee of 675-km altitude and
apogee of 24.875-km altitude. The motion of the Earth around
the Sun causes the orbit plane to drift westward at a rate of |
hour MLT every 15.4 days (covering 24 hours in 12 months);
the orbit line of apsides drifts 0.328° geographic latitude each
day (moving from one pole to the other in 18 months). All
available data, from October 19, 1981, to December 31, 1984
{a full precession/rotation cycle), are used to provide nearly
complete local time and latitudinal coverage out to 4.67 Re.
However, the 3 to | ratio between the drift of the line of ap-
sides and the westward drift of the orbit plane does result in
specific areas of poor sampling in local time for a given alti-
tude. For example, in the 0 to 6 MLT sector, midaltitudes in
the auroral latitude regions are not well sampled. In addition
to regions not reached by the orbit. the instrument is not al-
ways operated down to the DE | perigee of 675 km. At low al-
titudes the plasma density can be quite high and the instrument
often enters a shutoff mode to protect the particle-detecting
channeltrons from excessive count rates.

The instrument operational modes allowed programmed
sampling of the mass range such that the major masses were
sampled more frequently and constitute a larger portion of the
database. Table 1 lists the number of 1-min spin angle distri-
bution samples for cach species above 60° invariant latitude
(ILAT) in four MLT quadrants and two geocentric distance lev-
els. Over 500.000 samples were obtained for the H*, He*, and
O ions and over 400,000 samples for the M/Z=2 and O** ions.
Because of the varying sample rate. the statistical calculations
are carried out for each ion species separately; the probabili-
tics presented are characteristic of the population of individual
ion species. not of the ion population as a whole. Fifty-eight
percent of the data were obtained during periods of reiatively
low activity (Kp < 3) and 42% during high activity (Kp > 3).
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Table 1. Numbers of 1-min Pitch Angle Distribution Samples for H*, He*, O* M/Z=2. and O**

H* He* o* M/Z=2 o+

Local Time I<Rg<3 3<Rp<5 I<Rp<3  3<Rp<5 I1<Rp<3 3<Rp<S I<Reg<3  3<Rp<5 I<Rp<3  3<Rg<5
Oto6 8,387 122,203 8.533 123.370 7.495 112,735 5.596 74,726 5,591 74,729
6t012 10,167 148.543 10,328 150,109 9,433 139414 6.804 104,465 6.801 104,464
2018 28,230 116.300 28.684 118,276 25.704 108,569 20,222 84,867 20,219 84,870
181024 31,234 120.432 31,671 122,108 29.793 119,895 22,352 88,057 22,351 88,061
Total samples 585,496 593,079 553,038 407,089 407,086

It should be noted that, for the 0 (o 50 eV energy range,
floating spacecraft potentials can prevent the detection of the
lowest-energy ions. The RIMS team dealt with this spacecraft
charging by the addition of a bjasable voltage plate at the en-
trance aperture programmable to 0, -2 -4, or -8 V relative to
the spacecraft potential. The present data set includes all
available data, regardless of aperture bias setting. It is possi-
ble that the data set does not include particles with ram energy-
per-charge less than the potential of the spacecraft.

For each ion the raw RIMS data are read and the counts-per-
accumulation period (12 ms) are averaged over the time resolu-
tion period for each spin angle bin. For this study, t-min time
averages with 5° spin angle bins were chosen. This 5° spin
angle bin refers to the center of the view cone and does not
imply 5° resolution in the measurements. A subroutine scans
the counts-versus-spin-phase-angle array to identify and char-
acterize, in terms of centroids, widths, and skews, local max-
ima in the distribution with respect to the magnetic field direc-
tion. Next, a filtering pattern recognition routine produces
the spin angie distribution description for each minute of
RIMS data. When combined with orbit parameters and mag-
netic activity indices, this is the source for statistical analy-
sis.  Further description of the data analysis may be found in
the work by Giles [1993).

The relations used to calculate the centroid and coefficient
of skewness. taken from Beyer {1984], apply to discrete data
grouped into a distribution having spin angle bin classifica-

tions 6;, i=1, 2, .., k and corresponding measurement val-
ues (in this case, instrument count rate per spin angle bin),
S18,), i= 1,2, .., k The centroid is an arithmetic mean given
by
k
> f(e‘)e*ae
=i=1
Cm =z - (1
¥ f( ) )59
i=1
where
« 1
0 =-2-(61+6i+,) 2
‘a® ]
f(g )=5(f(9i)+f(9i+l)) (3)
86=(6,,,-8,) @
The coefficient of skewness is given by
M,
oy = 3 (5)
(M,)2

where M and M; are the second and third moments about the
mean of the sample. The rth moment about the mean, M, is
given by

M, = (6)

S e -c.)

|
n,;

3. Classification of Spin Angle Data in Terms of
Pitch Angle Distributions

3.1. Relationship to Pitch Angle Distributions

Strictly speaking, spacecraft spin angle distributions ob-
served in situ are not true pitch angle distributions as custom-
arily defined. The measured spin angle is defined in the refer-
ence frame of the spacecraft. which is different from the
plasma rest frame due to spacecraft motion (2 to 8 km s*!, de-
pending on spacecraft altitude). This difference in reference
frame is of little consequence provided the thermal speed,
(2 kT/M)'2, of the plasma is large compared to the spacecraft
"ram" speed. For an average spacecraft speed of S km s'! a fac-
tor-of-5 ratio of thermal speed to spacecraft speed requires 3.5
eV for H*, 13 eV for He*, and 52 eV for O,

Because RIMS responds to ions with energies considerably
below this threshold. the RIMS spin angle data contain infor-
mation about both the angular distribution of the plasma in its
own frame of reference (the conventional pitch angie distribu-
tion) and the drift motion of the plasma relative to the space-
craft. These two aspects of instrument response tend to domi-
nate independently - one at times obscuring the other - de-
pending on the plasma’s thermal speed and its relation to the
spacecraft and plasma drift speed. Figure | illustrates the ex-
tremes of this motional influence.

Figure | shows simulated RIMS spin angle responses to a
bi-Maxwellian plasma distribution (T /Ty = 5) for four combi-
nations of plasma thermal and drift speeds. The simulation
adopts a numerical quadrature approach to the solution of the
response integral, using a sum over aperture area, solid angle,
and energy and weighted with the appropriate instrument re-
sponse factor to obtain the correct energy-angle dependent re-
lationship between detector count rate and directional flux.
The parameters illustrating the limits of response were chosen
for ease of understanding but without strict adherence to phys-
ical likehood in any given region of the polar ionosphere. In
zach case the spacecraft speed is set at 5 km s! perpendicular
to B. Shown beside each spin angle plot are two phase-space
schematic diagrams to clarify the orientation of the various
spacecratt and plasma components. Both display velocity
Space, one in the spacecraft reference frame, the other in the
frame of reference of the plasma.

In Figure 1a the H* ions have the perpendicular thermal
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RIMS Modelled Response: V,, > V.
Ty=0.7eV, T| =3.58V (Vy, ~ 25 knv's)
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Figure 1. Simulated retarding ion mass spectrometer (RIMS) spin angle responses to bi-Maxwellian
plasma distributions (T,/Ty= 5). Also shown are phase space diagrams, drawn schematically, locating the
various spacecraft and plasma components. Note that instrument response is to ions with velocities anti-
parallel to the detector look direction. (a) H* ions with perpendicular thermal speed component greater than
spacecraft speed by a factor of 5. The top panel assumes a stationary plasma and the bottom panel assumes
Vp=25km s, parallel to B. (b) O* ions with perpendicular thermal speed a factor of 5 below the spacecraft
speed and with same drift speed assumptions as Figure la. For plasmas with thermal speeds smaller than the
spacecraft and drift speeds, relative drift motion dominates the response. For plasmas with thermal speeds
larger than the spacecraft and drift speeds, the true plasma frame distribution function emerges.

speed component greater than the spacecraft speed by a factor
of 5(V,,~25km s and V.= 5 km s''). In the top panel the
RIMS response is to a stationary plasma (drift speed Vp = 0);
the angular characteristics of the distribution are clearly visi-
ble as peaks in the spin angle directions perpendicular to the
magnetic field (0° and 180°). The relative motion of the
spacecraft (5 km s'' with respect to the stationary plasma) ap-
pears as an elevation in count rate in the direction of space-
craft motion (0°). The bottom panel assumes Vp = 25 km s},
parailel to B. In this case, bulk drift speed comparable to
thermal speed, the angular characteristics of the distribution
have become nearly unresolvable although the additional drift
speed of the distribution may be identified by the shift from

ram in the direction corresponding to an addition of the space-
craft and drift velocity vectors. (Without regard to the rela-
tionship of V,, to V., simulation of the instrument response
shows that angular features are resolvable for T ,/T) ratios
greater than ~1.5).

In Figure 1b the response is for a bi-Maxwellian distribu-
tion of O* ions with perpendicular thermal speed a factor of §
below the spacecraft speed (V,, ~1 km s and V,.= 5 km s°!).
In the upper panel, even though Vp = 0, the angular character-
istics of the bi-Maxwellian are not resolvable within the de-
tection thresholds of the instrument and the distribution ap-
pears as a single peak at the spacecraft ram direction. The bot-
tom panel assumes Vp= 5 km s'! parallel to B, the additional
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Figure 2. Parametric illustration of ion Mach nu
[t is for subsonic (thermal speed greater than drift
of the distribution will be resolvable.
titude (~7.6 km s°!

by the angular response).
the relative drift motion,
heavy ions (

drift speed of the distribution again apparent as a shift from
ram.

In summary then, for plasma with thermal speeds much
smaller than those of the spacecraft and drift speeds, the rela-
tive drift motion dominates the response, leading to a
“rammed" flux peak in the direction of relative wind as seen in
the spacecraft frame. In this case the angular information is
given by subtle features of the detailed shape of the rammed
peak but is often indeterminate. For plasma with thermal
\peeds much larger than those of the Spacecraft and drift
speeds. the true plasma frame distribution function emerges
clearly, although the relative drift motion. appearing as small
dsymmetries in the angular information, may be difficult to re-
solve. The RIMS data included in this survey span this entire
range of extremes, although the specific set of plasma parame-
lers contributing is mass dependent.

Figure 2 illustrates this for H* and O~ by plotting plasma pa-
rameters covered by the data set as a function of ion Mach
number. Here ion Mach number is defined as the ratio of the
distribution drift velocity (in the Earth frame) to the ion ther-
mal speed (2 kT/M)'2. Roughly speaking then, it is for sub-
sonic (thermal speed greater than drift speed) ion Mach num-
bers that the angular characteristics of the distribution will be
resolvable. Figure 2 shows that for drift velocities less than
5 km st H*, outflows are subsonic for thermal components as
low as 1.0 eV. Hence the angular characteristics of the H*
samples in the data set should be easily resolvabie except for
the coldest plasma with strong (Vp > 15 km s') drift veloci-
ties. O outflows are subsonic at 15 km ! for thermal compo-
nents above 10 eV and at 8 km 5! for thermal components
above 5 ¢V. Therefore, for heavy ion outflows with tempera-
tures below 5-10 eV, the angular information will frequently
be indeterminate.

Stmilarly, the drift motion effect is resolvable in the super-
some Mach number range. Because for small thermal compo-

5 10
Drift Velocity (km/s)

mber for drift and thermal components reievant to RIMS.
speed) ion Mach numbers that the angular characteristics
The shaded region del
at 1.5 Rg geocentric, ~4.2 km s at 3 Re.
Mach range for a discernible relative drift motion effect 1o
For light ions with thermai energi

ineates the range of spacecraft velocity with al-
and ~2.3 km s at 4.5 Rg) and therefore the ion
he spin angle measurements (i.e., not dominated
es below

nents it is the relative difference between drift and spacecraft
velocity that is important, Figure 2 can be reinterpreted in
terms of a zero ion drift velocity. The shaded region then
serves o delineate the range of spacecraft velocities with alti-
tude (~7.6 km s** at 1.5 R geocentric, ~4.2 kms'at 3 R, and
~23 km st at 4.5 Rg) and therefore the ion Mach range for a
discernible relative drift motion effect to the spin angle mea-
surements (i.e., not dominated by the angular response). In
the shaded region the relative difference between drift and
spacecraft velocity is small, so that light ion (H*) outflow
measurements with thermal energies below ~0.4 eV will be
dominated by the refative drift motion - a range for which de-
tection is difficult due to positive spacecraft potentiais. For
heavy ions (O*) the drift motion effect is significant for ther-
mal energies up to S eV, and so will be a frequent spin angle
feature in the heavy ion outtlow samples.

3.2. The Classification Scheme

Our approach is to separate the spin angie data into cate-
gories representing distinet physical behaviors, both for an-
gular characteristics (the conventional pitch angle distribu-
tion) and on the basis of apparent drift speed relative to the
spacecraft.  As a consequence to this, since the local ion es-
cape speed is near to that of the spacecraft, the apparent drift
speed allows us to categorize plasma behaviors loosely in re-
lation to the local escape speed.

Figure 3 shows data measured by RIMS, and they are given
as examples of the distribution types featured in this paper.
The data are plotted as accumulated counts per sample versus
spin phase angle. In addition, the detector pitch angle is plot-
ted as a tunction of spin angle. The counts per sample is pro-
portional to the integral ion tlux for the energy range 0 to 50
¢V with approximate conversion ratios of counts to integral
flux of 3.1x10* counts em= s ! ster! for H*. 1.9x10* counts
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Figure 3. Exampies of DE 1 RIMS spin angle distributions typical of high-latitude outflow. Approximate
conversion factors from count rate to integral ion flux are given in the text. Illustrated are: (a) unidirectional
field-aligned beams, (b) uni-directional field-aligned conics, (c) asymmetric distributions characteristic of
the upwelling ion signature, and (d) rammed distributions, which illustrate the effect of comparable space-
craft and plasma outflow velocities as discussed in section 3.

cm? s’ ster'! for He*, and 4.4x10% counts cm? s'! ster! for O*,
These factors, which reflect the mass-dependent angular re-
sponse, are based on preflight and in-flight calibration proce-
dures; the ratios are time-dependent and are offered here oniy as
4 general approximation.

The unidirectional field-aligned beam distributions (Figure
3a) are characterized by a single flux peak certered at the field
direction (here near 180° pitch angle). These distributions
may be shifted from the field direction due to a combination of
convection, drift, and spacecraft velocity effects. The impor-
tant distinction is that these distributions are ordered by pitch
angle (magnetic field direction) instead of by spin angle (the
velocity vector of the spacecraft) and therefore correspond to
field-aligned flows with velocity greater than that of the
spacecraft. The rammed distribution (Figure 3d) is most com-
monly identified in the data by a dome-shaped symmetric peak
centered at or near the satellite ram direction. From the argu-
ments above, the rammed distributions correspond to plasma
flows that are slower than the spacecraft. The unidirectional
field-aligned conic (Figure 3b) are those having flux peaks be-
tween the directions perpendicular and parallel to the magnetic
tield direction. In this example, the spin angle distribution
appears as a large single peak but with a distinct drop in count
rate at the field direction (180° pitch angle). In other exam-
ples, the conic can appear as two separate peaks. The asym-
metric distributions (Figure 3c) appear as a single peak in
count rate near the spacecraft ram direction but with a notable
asymmetry toward the upward magnetic field direction. RIMS
samples that have a skew coefficient (equation (5)) exceeding
0.75 toward the upward magnetic field direction will be catego-

rized asymmetric. In the example shown the coefficient of
skew is 0.798 defined about the centroid position (14.6° in
this example) for the portion of the distribution (61.7° in spin
angle width) above the count level equal to l/e? times the max-
imum. It is this data signature that is associated with the up-
welling ion events first identified by Lockwood et al. [1985a].
Distributions fall into the intermediate category when a single
peak in the count rate falls between the field and ram direc-
tions. For this reason, they cannot be readily assigned to ei-
ther category and tend to be the samples in which the plasma
and spacecraft velocities are more nearly equal. Within the
RIMS data set, downflowing field-aligned beam distributions
primarily consist of ions falling under the influence of grav-
ity, the velocity of which is expected to be only a few kilome-
ters per second. The unidirectional field-aligned downflows
category is a subset of the rammed and intermediate categories
and contains the ion downtlows for which a clear downward
drift velocity is resolvable.

The remaining distribution classifications covered in this
paper, nothing observed and low counts, are to classify data
signatures that do not fall into one of the categories defined
above. The data intervals that have counts below the 2 counts-
per-sample noise level are assigned to the "nothing observed”
category. The data intervals that have counts above the noise
level, but without identifiable maxima are assigned to the
“low-count” category. A later paper will examine distribution
types primarily identified with midlatitudes (i.e., counter-
streaming and trapped): all distribution types are included in
the counting statistics so that the porportions reported are
representative of the tull population.
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ples in the rammed, intermediate. and beam PAD cate-
sequently, as a function of altitude which is noted at the

top of the plots). The heavy black line marks the ion drift velocity necessary to escape Earth's gravitational
potential. The field-aligned outflows correspond to ion drift speeds that are (1) less than, (2) comparable to,

or (3) much faster than that of the spacecraft.

This separation by observed spin angle distribution serves to

identify which PAD categories contain gravitationally bound ions and which contain ions that are more en-
ergetic and thus able to €scape to outer magnetospheric regions.

Figure 4 quantifies the inferred outflow drift velocitics asso-
ciated with three of the above categories by providing a rough
estimate of the bulk drift velocity for each sample as a func-
tion of spacecraft velocity (and consequently, as a function of
altitude). The heavy black line marks the ion drift velocity
necessary (o escape Earth's gravitational potential. The inten-
tion is to bracket the range of plasma drift speed that result in
4 given sample being assigned to one category or another.
Other studies by DE investigators [Chandler et al., 1991;
Pollock et al.. 1990] report detailed velocity statistics for po-
lar wind and cleft ion fountain outflows.

The calculation assumes the plasma drift velocity to be
aligned with the magnetic field (i.e., no convection) and that
only the spacecraft velocity component transverse to the field
may bias the observed distribution toward the direction of
spacecraft motion. We use the approximation that the mag-
netic field lies in the spacecraft spin plane . This is generally
vahd within 12° for the present data set (and within 5° for 91%
of the samples). Provided the spin angle corresponding to the
centroid of the observed plasma distribution (o) and the spin
angle corresponding to the magnetic field direction (8) do not
coincide. the plasma drift velocity may be calculated from

- Vspacecraft sin(a) (7)
sin(8 - a)

Figure 5 is a sketch of the vector measurements and angles
relating to this calculation. For the rammed category all out-
tlow velocities, with few exceptions (all H*), fall below the re-
quired plasma escape velocity across the entire altitude range;
consequently, the samples represented by this category, with-
out additional energization, must either reenter the ionosphere
or be trapped by magnetic mirror effects. The intermediate
category i1s a mixture of escaping and nonescaping H* sam-

Vplasma

ples, and contains mainly nonescaping O*. The beam cate-
gory contains the majority of escape velocity sampies for
both ion species, although there is a significant portion of
relatively "fast,” but nevertheless nonescaping, O* at the
highest altitude (lowest spacecraft velocity) bins.

At high latitudes, then, the ficld-aligned outflows fall into
three categories (rammed. intermediate. and field-aligned
beams), which, for the energy range detectable by RIMS, cor-
respond to ion flow speeds that are (1) less than. (2) compara-
ble to, or (3) much faster than that of the spacecraft. This sep-
aration by observed spin angle distribution serves to identify

Figure 5. Sketch of the vector measurements and angles for
the bulk drift velocity calculation shown in Figure 4. The
value o is the centroid of the observed plasma distribution,
and B is the spin angle corresponding to the magnetic field di-
rection. The calculation assumes the plasma drift velocity to
be aligned with the magnetic field (i.e.. no convection) and
that only the spacecraft velocity component transverse to the
ficld may bias the observed distribution toward the direction of
spacecraft motion.
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Figure 6. (a) The percentage of samples, during which RIMS was programmed to accept a given ion, the
instrument was able to detect that jon. Shown are seven Kp bins for H*, He*, O*, M/Z=2, and O**. The occur-
rences are calculated for invariant latitudes above 60° without regard to PAD category, altitude, or local time.
{(b) In six panels, occurrence with altitude for asymmetric, unidirectional field-aligned conics, unidirectional
field-aligned beams, rammed, intermediate, and nothing observed: the caiculations include only data above
60° ILAT. The prominent feature to note is the separation of the various distribution types into distinct alti-

tude ranges.

which ions will be gravitationally bound and which are more
energetic and thus able to escape to outer magnetospheric re-
gions.

4. Statistical Results
4.1. Occurrences With Kp and Altitude

The RIMS instrument, when programmed to detect a selected
mass species, may or may not detect appreciable ion counts
above the noise threshold within the 0-50 eV energy range.
Figure 6a summarizes, as a percentage of the total number of
samples, when RIMS measured ion counts above a 2 counts-
per-sample threshold. Data are shown for seven magnetic ac-
tivity level (Kp) bins for the ions, H*, He*, O*, M/Z=2. and
Or*. The occurrences are calculated for invariant latitudes
above 60°, without regard to altitude, local time, or the cate-
gories of pitch angle distributions defined above. The figure
simply indicates in what percentage of samples, during which

the instrument was programmed to accept a given ion, the in-
strument was able to detect that ion.
Counts of 0-50 eV H* are measured above the detection

threshold in 75-78% of the samples, with no significant varia-
tion with magnetic activity. In contrast, occurrences of the Q*
ions are strongly dependent on the activity level. At the low-
est Kp bin, O* ions are measured in 33% of the samples; this
percentage rises steadily with activity, exceeding the occur-
rences of H* for the highest Kp bin. The He* ion occurrence
probabilities lie between those of H* and O* and point to a
weak dependence on activity. Displaying a pattern similar to
that of O*, O** appears in about 19% of the samples for low Kp
levels and increases to 41% during times of high Kp. M/Z=2
ions are seen in 20-29% of the samples, with no clear trend
with activity.

Figure 6b has six panels showing the percentage of occur-
rences as a function of altitude for: (1) asymmetric distribu-
tions. (2) unidirectional field-aligned conics, (3) unidirec-
tionai field-aligned beams, (4) rammed, (5) intermediate, and
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(6) nothing observed: the calculations include only data above
60° ILAT and are sorted without regard to local time. The
probability calculations are carried out for each ion species
separately. The prominent feature to note in the altitude pro-
files is the separation of distribution types into distinct alti-
tude ranges. The asymmetric, intermediate, and rammed distri-
butions appear with greatest frequency at altitudes below 2.25
R for all jons. Unidirectional conics, most clearly identified
in the H* samples, peak in probability at midaltitudes between
1.75 and 3 Rg.  Unidirectional beams tend to populate the
higher end of the aititude range; they reach maximum fre-
quency above 2.5 Rg for H* and He* and 3.5 Rg for O*. The
nothing observed category, samples with counts below the
noise level, also peaks in probability at higher altitudes for
He*, O, and O**. Statistics for the M/Z=2 PAD types, not eas-
ily viewed in this format, display relatively higher frequencies
at the lowest altitudes with the exception of intermediate
distributions which occur with uniform frequency across the
entire altitude range. It should be noted that in this format,
distributions occurring in relatively small areas of local time
or latitude will be averaged out in the sort over all |ocal times
and latitudes above 60°; this is especially true for the M/Z=2
ion in which the overwhelming number of nothing observed
samples masks the contribution of auroral zone outflows.

4.2. Low-Altitude (Rg < 3.0) Observations

Plate | shows low-aititude (Re < 3.0) ILAT versus MLT oc-
currence probabilities (2.5° by 1-hour bins) for rammed (Plate
la), field-aligned beams (Plate Ib), asymmetric (Plate 1¢), and
intermediate distributions (Plate 1d). Results are shown for
H*, He*, and O* and divided into Kp <3 and Kp > 3. The linear
scale at the top of these plots and the ones that follow repre-
sent the occurrence probability as a percentage, the number of
samples fitting the distribution criteria divided by the total
number of samples for that ion. The color red represents ail
probabilitics greater than the number noed to the right; simi-
larly. the color blue represents all probabilities lower than the
number noted to the left. Corresponding statistics tor M/Z=2
and O**. without Kp division, are shown in Plate 2. Fewer
M/Z=2 and O** samples at low altitudes preclude statistical cai-
culations by activity level. Note that, for this altitude range,
the predawn local time quadrant between 60° and 75° ILAT is
not well sampled ("white" indicates less than 15 samples were
obtained in a given bin). Although the discussion applies
only to the variability of distributions occurring above 60°
ILAT. we chose 50° ILAT for the minimum value in these spec-
trograms to provide overlap and ease of comparison with mid-
latitude statistics reported elsewhere.

For Rg < 3.0 there are relatively few occurrences of H*
rammed (Plate la) at polar cap or auroral zone latitudes except
for a small increase (<20%) in occurrences between 70°-80°
and 6-12 MLT. All ion species display high occurrences for
the rammed category below 60° to 65° ILAT. These are plas-
masphere isotropic distributions and characteristically tend
toward lower invariant latitudes with increased activity. He*
rammed PADs occur at greater than 50% probability from mid-
night to dawn between 60° and 80° ILAT. The O* rammed oc-
curs at >50% probability covering ILAT > 70° from pre-
midnight to about 9 MLT. In addition, the O* rammed occurs at
>25% probability between 60° and 70° ILAT across the day-
side.  For all ions there is an absence of occurrences at auroral
zone latitudes for afternoon local times: occurrences also de-
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crease with increasing magnetic activity.  Statistics for
rammed O** follow the O* pattern with the leve! of occurrence
probability being similar. A/Z=2 follows the He* pattern,
with probabilities lower by ~50%. In the case of M/Z=2 and
O**, and to an extent O*, lower probability at plasmasphere
fatitudes as compared to the H* and He* statistics will be re-
flected as high probability for the same latitudes in the low
counts category. This is a consequence of both the lower rela-
tive concentration of these ions within the plasma and instru-
ment operational characteristics (less frequent sampling re-
sulting in erratic low-count distributions).

H* low-altitude field-aligned beams (Plate Ib) occur with
greater than 30% probability in an ovaj pattern that covers
nearly all local times and appears to be roughly coincident
with the auroral oval. There is an expansion of this oval to
lower latitudes for high Kp level and evidence of an increase in
probability. The He* and O* probabilities also follow the au-
roral oval pattern except for an absence of beams in the morn-
ing sector — the area populated by rammed distributions.
Again, there is an expansion to lower latitudes for higher Kp
and increased probability. O** statistics for the beam distribu-
tions are not conclusive, although it can be said that O**
beams occur with about 10% probability at the same latitudes
and local times as for O*. Since O* beam statistics increase
uniformly with activity, we might expect the averaging of O**
beams over all XKp 10 lower the mean proportions shown in
Plate 2. The M/Z=2 beams, a category which also contains
measurements of ~1 keV protons, follows the auroral oval
with ~10% probability.

For all ions the asymmetric PAD (Plate ic, and also referred
to as upwelling ion events) has greatest occurrence on the
prenoon dayside at invariant latitudes above 65° for the light
ions and above 75° for the heavier tons. In addition, there are
significant probabilities, increasing with Kp, in the afternoon
dayside, and, for the light ions, in the region about 20-22
MLT above 70° ILAT. The overall level of occurrence is
higher during active conditions by as much as 20%: much of
this increase being the increased afternoon dayside events.
Unlike H* and He". few O*, M/Z=2, or O** asymmetric events
arc observed for the polar cap. Lockwood et al. [1985a) noted
that when the dayside clefi upwelling feature is identified for
O, the feature is present for all jons measured, so that the cleft
region behavior exhibited by O is representative of that for
H*, He*, M/Z=2, and O** as well. The reverse is not always
true. When sorting the tighter ions, the programmed pattern
recognition algorithm identifies additional periods of time as
fitting the asymmetric criteria {skew coefficient >0.75).
Therefore more samples and spatial coverage are tagged as
asymmetric for H* and He* than for O*. The upwelling ion
events associated with the dayside cleft region [Lockwood et
al.. 1985a] are clearly seen in the O* statistics but are imbed-
ded within a larger popuiation of heat flux distributions for H*
and He*.

H* intermediate distributions (Plate 1d) occur at 10-15%
probability across the dayside between 60° and 70° ILAT and at
10-15% probability over the polar cap. He* and O* intermedi-
ate are at 10-20% probability over the polar cap and between
65° to 70° ILAT for all local times. Those over the polar cap
increase in probability with activity.  Statistics for O** fol-
lows the O* pattern with a similar spatial pattern but somewhat
lower probability. Few M/Z=2 intermediate events are ob-
scrved above 55° ILAT,

Plate 3 shows low-altitude (Rg < 3.0) ILAT versus MLT oc-
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currence probabilities for downtlowing distributions (Plate 3a)
and fieid-aligned conics (Plate 3b). Results are shown only for
H*. He*, and O* and divided into Kp < 3 and Kp > 3. The
downtlowing distributions (Plate 3a) are difficult to distin-
guish from the rammed category for the RIMS energy range
because the downward drift speed of the ions tends to be rela-
tively smail. H* downtlows are discernible at polar cap lau-
tudes above 80° with an increase in occurrences with activity.
There are also H* downflows at 70°-75° ILAT from |1 to 13
MLT. O* downflows appear over the nightside polar cap above
80° ILAT with no resolvable change with activity increase.
Irregular regions of O* downtlows aiso appear below 60° ILAT
and are believed associated with convection near the plasma-
pause. Occurrences of He*, M/Z=2, and O** downflows are less
than 5% overall. The H* unidirectional conics (Plate 3b) are
most trequently observed at invariant latitudes between 70°
and 80° in the dayside local time sectors. and at invariant lati-
tudes between 60° and 70° on the nightside. There is an in-
crease (about 10%) in probability for observations of conics
with an increase in magnetic activity. The unidirectional
conic occurrences for the remaining ions are below 10% al-
though, at lcast in the case of He*, the occurrences show hints
of tollowing the H* pattern.

uenc
Y 209

Occurrence Fre
i0%

by 1-hour bins) for (a) downflowing and

Results are for H*, He*, and O and divided into Kp < 3 and Kp > 3.

4.3. Higher-Altitude (3.0 < R < 4.67) Observations
Plate 4 shows high-altitude (3.0 < Rg < 4.67) ILAT versus

MLT occurrence probabilitics tor rammed (Plate 4a), field-
aligned beams (Plate 4b), asymmetric (Plate 4c), and interme-
diate distributions (Plate 4d). Results are for H*. He*, and O*
and divided into Kp < 3 and Kp > 3. Corresponding statistics
for M/Z=2 and O**, without the Kp division, are shown in Plate
-

The high occurrences of heavy ion rammed distributions
(Plate 4a) at low altitudes do not appear in the high-altitude
statistics. In fact, there is almost a complete absence of
rammed distributions at auroral zone and polar cap latitudes for
all the ions measured with the exception of a smail area of
about 10-15% probability for high activity at 70°-80° ILAT
postmidnight for H* and at 65°-75° ILAT premidnight for O*.
Again, the probabilities below 60° to 65° ILAT are associated
with plasmasphere isotropic distributions.

H* high-altitude beams (Plate 4b) occur not only for auroral
latitudes but at all latitudes greater than 70° across the full day-
side sector. On the nightside. beams are observed with compa-
rable probability only for auroral oval latitudes from midnight
to dawn, the beams almost disappearing at from dusk to mid-
night. He* beams occur with greatest probability (20-30%) at
invariant latitudes between 60° and 80° between 6 to 19 MLT.
There are somewhat lower, but still significant (15-18%),
probabilities at 60° to 65° latitude from midnight to dawn. O*
high-altitude beams occur with greatest probability during
higher activity. These are at latitudes greater than 70°-75°,
covering the entire polar cap between for all local times; and
also from 60° to 65° between midnight and noon. For the
high-altitude observations, in addition to an invariant latitude
expansion with increasing magnetic activity, the beams are
also observed at lower invariant latitudes for heavier masses.
g=>dy g <dy This expansion is between 5° and 10° for each of the mass
species. For M/Z=2, a category which also contains
measurements of ~1 keV protons, there is about 15%
probability between 75° and 80° ILAT on the dayside and
between 60° to 70° ILAT on the nightside. The probability for
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Plate 3. Low-altitude (Rg < 3.0) ILAT versus MLT occurrence probabilities (2.5°

(b) unidirectional field-aligned conic distributions.

A: Downflowing
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O** unidirectional beams is less than 10% with the exception
of a small area of about 15% probability at 70°-80° ILAT and
11-13 MLT.

The asymmetric distributions (Plate 4c) make up less than
5% of the PAD sampies at high altitude with the exception of a
small area of about 10% probability for H* at 65°-75° ILAT on
the nightside for high magnetic activity. Similar to the ram
and asymmetric results, the intermediate category (Plate 4d) is
a much smaller proportion of the high-altitude sample popula-
tion and. instead of appea-ing spread over the entire polar cap
as for the low-altitude observations, they are limited to the
nightside auroral zone between 20 MLT and 2-4 MLT. The dis-
tribution of observations is similar for all ions with lighter
ions appearing at slightly lower latitudes and movement to-
ward higher latitudes with higher magnetic activity.

4.4. Absence of Cold Plasma Observations

Plate 5 shows low-aititude (Rg £ 3.0) ILAT versus MLT oc-
currence probabilities for nothing observed (Plate Sa) and low
count distributions (Plate 5b) and high-altitude (3.0 < Re <
4.67) probabilities for nothing observed (Plate 5¢) and low
count distributions (Plate 5d). Results are shown for H*, Her,
and O* and divided into Kp < 3 and Kp > 3. Suatistics for
M/Z=2 and O**, not sorted for activity, are shown in Plate 2.

H* low-altitude nothing otserved events (Plate 5a) occur for
latitudes above 70° TLAT across the nightside and above 80°
ILAT across the dayside for low Kp and with lower frequency
above 70° TLAT at ail local times for high Kp. For high alti-
tude the H* nothing observed events (Plate 5b) occur over the
polar cap and, for low Kp. at auroral zone latitudes near mid-
night. There is also significant probability below 60° ILAT at
dusk, indicating a depletion of thermal ions in the plasma
trough area there. He* low-altitude nothing observed events
occur at >30% probability for all latitudes above 65° across
the nightside and above 70° ILAT across the dayside. There is
an expansion to slightly lower latitudes for higher Kp and
slightly overall decreased probability. For high aititude the
He* nothing observed events occur at >50% probability for all
latitudes above 65°-70° ILAT at all local times. High-altitude
O* nothing observed events occur at up to 75% probability
over the entire polar cap and auroral zone area for low Kp; for
high Kp the O* nothing observed events drop dramatically in
frequency and follow the auroral oval pattern. O** generaily
follows the pattern of O*, although without division with Kp it
is not known whether a decrease in occurrence probability oc-
curs with activity. M/Z=2 follows that of He*,

Low-count statistics are not significant at low altitude
(Plate 5c¢), the observations that do occur appear at outer plas-
masphere/plasma trough latitudes. For high altitude the low
count category (Plate 5d) becomes important for the H* ion
near midnight at auroral zone and polar cap latitudes.

5. Discussion

The low-energy (<50 eV) H*, He*, O*, M/Z=2. and O** RIMS
spin angie distributions for latitudes greater than 60° have
been classified into the following pitch angle distribution cat-
cgories: unidirectional field-aligned beams. downtlows, con-
ivs. asymmeltric, rammed, intermediate, low counts. and noth-
ing observed.

GILES ET AL.: OUTFLOW IN THE AURORAL ZONE. POLAR CAP, AND CUSP

5.1. Ionospheric Source Regions

The statistical survey shows that low-energy outflow from
the high-latitude fonosphere occurs for all the measured ions
with a spatial and statistical distribution dependent on mag-
neuc activity. For convenience. we discuss the outflows in
lerms of three regions: the dayside cleft, auroral zone. and po-
lar cap.

During quiet times. cleft region upwelling ion events (the
asymmetric distributions in Plate 1) are observed almost ex-
clusively in the prenoon sector. The area of most probable
observation becomes smaller and is bounded at higher invari-
ant latitudes for the heavier mass species. These asymmetric,
field-aligned spin distributions are identified as ions carrying
an upward heat flux, with both parailel and perpendicular ve-
locity components, and so “upwell” in response to heating be-
low the satellite [(Moore et al., 198S; Biddle er al., 1985:
Lockwood et al., 19853). Moore et al. [1985] demonstrated
that the upweilings exhibit conic structure in the energetic tail
of the distribution and suggested that the distinction between
the unidirectional beam, conic, and upwelling categories may
be a matter of the degree by which transverse acceleration at-
fects the low-energy core of the distribution. The probability
of observing upwelling events in the morning sector is rela-
tively steady regardless of activity level which contrasts
sharply with the large increase with activity seen with the au-
roral O* outflowing beams (Plate Ib). This is consistent with
Lockwood et al. [1985a] in which these prenoon O* outflows
from the polar cleft ionosphere were first identified as a major
source of heavy ions for the polar cap magnetosphere. There
is, in addition, a distinct spatial change for cleft outflow with
increased activity - at higher Kp levels upwelling events ap-
pear on the afternoon dayside and the area of peak probability
spreads to lower latitudes. In a study of the source characteris-
tics of these events, Moore er al. [1986] found typical ener-
gies to be of the order of 10 eV and found that the distinctive
transverse ion heating exceeds gravitational escape require-
ments. Evidence from this and the other studies indicates
then, that the dayside prenoon cleft is a consistent source of
low-energy ions of velocity sufficient to escape to outer mag-
netosphere regions regardiess of species (including the minor
ions M/Z=2 and O**) or activity level and that the dayside af-
ternoon auroral zone becomes an additional source during in-
creasing activity.

While it is clear from the statistics that this asymmetric
data signature, an indicator of transverse heating in the iono-
spheric outflows, is specific to auroral latitudes, it cannot be
unambiguously stated that they are unique to the dayside
auroral zone. Figure 6b shows the peak observance of these
events to be between 1.5 and 2.0 Rg geocentric altitude.
Unfortunately, due to a combination of instrument operation
and orbital constraints, samples taken below 1.75 Rg geocen-
tric cover only the S to 12 MLT range. Samples between 1.75
and 2.0 Rg geocentric add auroral latitudes from 19 to 24 MLT.
If. as has been suggested, the upwelling data signature evolves
by magnetic folding to a field-aligned conic distribution. and
if the asymmetric data signature docs exist for the entire auro-
ral zone, we would expect to find ample evidence of conics at
nightside auroral latitudes, which is the case as can be seen in
Plate 3b.

Low-energy ion outflows associated with the auroral oval it-
self are mainly of the unidirectional beam type (Plate 1b). For
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H*_ unidirectional beams are observed in the auroral zone tor
most all local times. increasing by about 10% with activity.
The beam distributions arc observed at progressively lower
invariant latitudes for heavier mass species.  These
observations are in agreement with the earlier studies of
Ghielmerti er al. [1978] and Gorney et al. [1981] in that the
oceurrence of upward flowing beams appears to be associated
with the statistical auroral oval. The occurrence frequencies
peak more equatorward on the nightside than for the dayside,
and peak at lower invariant latitudes during disturbed times.
The observations are also consistent with Yau et ali. [1984],
who also found that the oval of upflowing beams is energy de-
pendent (the low-energy upflowing oval occurring poleward of
the energetic ion uptlowing oval). In addition, for heavier
ions the beams display a distinct asymmetry in distribution
speed between dawn and dusk local time sectors. For He* and
O the unidirectional beams are observed primarily for the dusk
sector and increase significantly in probability with increas-
ing activity (as much as a 30% increase tor O*). The "nothing
observed” category complements this duskside behavior by
having probability greater than 50% in this same region for
low activity and decreasing sharply for high activity (Plate
34). In the dawn sector the heavier ion distributions, espe-
cially O**. tend to be the lower velocity rammed type (Plate
la).  Since the unidirectional beam distributions generally
have adequate escape velocity (Figure 4), the auroral zone then
appears 1o be a steady source of escape velocity H* for all local
times, a steady source of escape velocity He* ions on the
duskside, and a source of escape velocity heavy ions on the
duskside but primarily during increased activity. The fact that
the He* and O* low-altitude dawn-sector rammed and
intermediate distributions (Plates 1a and 1d) fill in the missing
beam distributions suggests that there is an amount of low-
cnergy heavy ions unable to escape to high altitudes unless
acted upon by energization processes which are correlated with
increased activity. The M/Z=2 ion beam statistics contain
measurements of ~1 keV protons and so it is unclear whether
escape velocity outflows other than the asymmetric type exist
for this mass type.

For latitudes poleward of the auroral zone the pitch angie
distribution statistics vary with mass, activity level, and local
time. The majority of the heavy ion observations in which
significant counts are detected (>50 or 60%) are of the rammed
and intermediate type (Plates la and 1d), which still indicate
ficid-aligned upflow, but with velocities comparable to the
spacecraft and shown in section 3 not to be sufficient for es-
cape to higher altitudes without additional energization. There
is also a dawn-dusk asymmetry reflected in the jon distribution
"speed” in which higher speed distributions appear with great-
est frequency at dusk and lower speed distributions have great-
est frequency at dawn. There appear to be small changes in the
probability levels with magnetic activity, a slight increase in
rammed distributions, and a small decrease in intermediate ob-
servations: however, it is important to note that there is al-
ways low-energy O* at low altitudes over the entire high-
latitude region regardless of activity (Figure 6b). On the other
hand., H* has a significant number of heat flux (asymmetric),
unidirectional beams, and intermediate events for latitudes
poleward of the auroral zone, the probabilities for these cate-
gories increasing with activity. There are refatively few
rammed distributions H*, although the "nothing observed"
category for H* has >50% probability for low Kp. The He* ob-
servations have characteristics of both H* and O*. the "noth-
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ing observed'/heat flux statistics of H* and the
rammed/intermediate statistics of O*, Overall, the region
poleward of the auroral zone is again a consistent source of
low-energy ions, although we wouid expect only the lighter
mass particles to have sufficient velocity to escape to higher
altitudes.

5.2. Evolution of Field-Aligned Distributions
During Qutflow

By comparing distribution types at low altitudes with those
at high altitudes we can infer something about how low-energy
ion distributions evolve after ionosphere injection. The
rammed distributions. which make up a significant portion of
dawnside heavy ion observations at low altitude, essentially
disappear at high altitude (Plate 4a). These either reenter the
ionosphere or are trapped by magnetic mirror effects. If these
tow drift velocity rammed distributions instead experienced
energization. such that the ramming effect no longer domi-
nated, then we would expect a significant portion of “faster
speed” distributions such as intermediate or field-aligned
beams in the dawnside polar cap, which is not the case. For
similar reasons the intermediate distributions seen at low alti-
tudes are also believed to return to the ionosphere or remain
trapped. At low altitude, only the asymmetric and field-
aligned conic distributions. which reflect a significant degree
of transverse acceleration, and the field-aligned beam distribu-
tions appear to account for the statistical patterns observed at
high altitudes. The observations support two mechanisms,
which may well be related. for low-energy outflow into the
outer magnetosphere (the cleft ion fountain, so named by
Lockwood et al. [1985b), and its counterpart in other sectors
of the auroral oval) what the present authors call the auroral
ion fountain.

The cleft icn fountain, as explained by Lockwood et al.
[1985b], consists of ionospheric plasma of 1-20 eV energy
streaming upward into the magnetosphere where high-latitude
convection electric fields can modify the ion path resulting in
a poleward dispersion. This effect is a well-documented feature
[cf. Waite er al.. 1986; Moore et al., 1985: Tsunoda et al..
1989} and is clearly evident by the beam distributions at high
altitude over the polar cap (Plate 4b). It is not certain whether
all the high-altitude O* polar cap observations originate from
the cleft ion fountain mechanism; however, the very low
probabilities of observing escape velocity O* outflow at low
altitudes in the polar cap would indicate that this is so. The
outflows in Plate 4b also demonstrate the mass spectrometer
effect associated with the cleft fountain whereby the lighter
tons escape to the magnetosphere tail regions, but the heavier
low-energy ions, such as O*, are more influenced by the con-
vection electric field and are swept toward the nightside auroral
region and plasma sheet. For weaker convection, heavier ions
outflowing on the dayside would be swept antisunward over the
polar cap and reenter the nightside polar ionosphere.  This is
supported by the Plate 3 O* downflows.

The auroral ion fountain concept is reflected in the field-
aligned beam and conic resuits. For the RIMS instrument the
unidirectional field-aligned beams correspond to pitch angle
distributions that have not undergone magnetic mirroring and
can be represented by a drifting Maxwellian distribution with
supersonic drift speed [Moore et al., 1985]. Traveling upward,
these ions flow along high-latitude field lines that are open; or
closed in a highly elongated fashion such that bouncing would
occur over long time periods and be disrupted by nonadiabatic
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processes. Low-altitude auroral latitudes are populated by
beam distributions near dusk. "slower” intermediate or rammed
distributions at dawn, and conics on the nightside (Plates 1|
and 3). High-altitude, late-afternoon beams are almost absent:
instead the region is represented by the intermediate and
“nothing observed” categories (Plates 4 and 5). It is hypothe-
sized that low-altitude field-aligned beams flow outward along
auroral field lines. and for late afternoon, experience addi-
tional acceleration, such that the ion energy distribution ex-
ceeds the instrument detection range (>50-60 eV). Higher-
energy beams. particularly those >1 keV, have been shown to
have strong local time dependence. being concentrated near
dusk at auroral latitudes [Gorney et al., 1981; Yau et al., 1984:
Kondo et al., 1990).

The sequence of events for both the cleft ion fountain and
the auroral ion fountain is consistent with the theory that a
continuum of behavior exists such that the upwelling distribu-
tions evolve with altitude into conics and then high-altitude,
field-aligned flows (cf. Figure 6). Conics correspond to up-
ward ficld-aligned flows that have some additional perpendicu-
lar velocity component. Conic distributions typical of the
midaltitude nightside have been studied by Moore et al. [1985]
and found to originate between 1000 and 2000 km altitude
which is consistent with the altitude distribution shown in
Figure 6. The study of Gorney er al. [1981], based on electro-
static analyzer data at higher energies (0.09 to 3.9 keV), found
that ion conics occur in the geocentric distance range of 1.4 up
to the §3-3 apogee at 2.3 Rg, or about 2500- to 8000-km alti-
tude and that ion beams occur primarily above about 2.2 Rg or
7200-km altitude, with the frequency increasing with altitude.
During quiet times the S3-3 conics were associated with the
daytime polar cusp region, but were observed uniformly in lo-
cal time during disturbed times. The older studies did not dis-
tinguish between events peaked near 90° pitch angle (our
asymmelric category) and those peaked between 120° and 170°
pitch angle (our conic category). However, they are consis-
tent with our observations in that our dayside asymmetric
events exist for all activity levels, while those observations
associated with our more narrowly defined conic category are
found to increase with activity and are distributed in local
time. The 83-3 results are also consistent in that quiet time
ion beams have maximum frequency in the premidnight sector
and are mainly confined to the dusk sector during disturbed
times.

5.3. Considerations on the Absence of Cold
Plasma Observations

The "low-count” and "nothing observed" categories are rep-
resentative of two possible conditions: regions in which the
ions have energy so low that they are repelled by positive
spacecraft potentials or of regions where there are no ions
within the detection range of the instrument, the low-count
samples being those that occur near the limits of the instru-
ment response (~0.1 ions cm'> with no potential barrier).
Analysis of RIMS data by Olsen (1989] established a density-
potenual relationship such that the satellite accumulates posi-
tive charge on entering density regions below 1000 ¢cm?, ris-
ing siowly to about +1 V at 100 ¢cm™®, and about +5 V at 10
¢m*. By preventing measurements of the coldest plasma
components, this potential can mask out an isotropic
background plasma or, when the potential is sufficiently high,
can give the appearance that no cold plasma exists in a region.
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This effect is known to be a concern in the plasmapause and
trough region, where densities are of the order of 7 to 70 cm™
and the spacecraft reaches potentials of +2 to +5 V [Olsen.
1989]. At altitudes above the ionosphere in the polar regions,
densities again can be sufficiently low so that observation of
ions of classical polar wind speed is possible only during
negative aperture bias instrument modes to offset the positive
potential (Nagai er al.. 1984]. We cannot always assume, in
low-density regions, that cold plasma does not exist just
because it has not been measured.

The RIMS H* nothing observed events at low altitude may
be representative of an inability to observe the lowest-energy
polar wind outflows in low-density regions. As detailed in the
above discussion on the "auroral ion fountain," at high alti-
tude near midnight, the H* nothing observed events are
thought to be measurements in which the low-altitude outflows
have been accelerated beyond the range of the instrument. The
He* and O* events in the dusk auroral zone are probably a mix-
ture of the two effects.

6. Summary

We have presented a statistical study of the occurrence fre-
quency distribution of low-energy ion pitch angie distribu-
tions in the near-Earth magnetosphere using measurements
from the retarding ion mass spectrometer aboard Dynamics
Explorer 1. A relationship is shown between pitch angle dis-
tributions of different masses (H*, He*, O*, M/Z=2, and o*)
and velocity characteristics. The added spatial dimensions in
this study relative to earlier work provide a more detailed pic-
ture of ion transport events. Occurrence frequencies are deter-
mined for all measured ions as a function of altitude. invariant
latitude, magnetic local time, and magnetic activity (Kp).
From this study, several characteristics are apparent.

6.1. Overall Occurrence With Activity

The probability of observing H* and M/Z=2 distributions
tor ILAT >60° was found to be independent of magnetic activ-
ity. He* was found to be weakly dependent. while O* and O**
were strongly dependent on magnetic activity. The large in-
crease in O* and O** observations with increasing activity was
found to be composed primarily of escape velocity unidirec-
tional field-aligned and upwelling distribution types.

Upwelling (transversely heated, upflowing) ions occur pre-
dominantly, but perhaps not exclusively, in the pre-noon sec-
tor at 70°-80° ILAT. At higher Kp levels the events are ob-
served with increased probability on the afternoon dayside and
at slightly lower latitudes for all ion species.

The occurrence of unidirectional beams, for all ion species
inciuding M/Z=2, is consistent with the location and geomag-
netic activity dependent expansion and contraction of the au-
roral oval. The data suggest that beam distributions observed
at higher altitudes are predominately associated with the up-
welling distributions observed at lower altitudes and that the
paths for ions injected at low altitude in the dayside auroral
oval include some amount of convection antisunward over the
polar cap, as suggested in the Lockwood et al. [1985a, b] cleft
ion fountain sequence.

Peak conic and upwelling ion observations occur predomi-
nantly at geocentric distances of 1.75 and 2.0 Rz, respec-
tively, while field-aligned beams occur most frequently above
about 2.0 to 2.25 Rg, especially for the heavier ions. Since
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angular distributions tend to become increasingly "beamlike"”
at higher aititudes because of magnetic focusing it is thought
that the upwelling events may well evolve into the observed
unidirectional conic and beam distributions as the ions travel
outward along the magnetic field direction.

6.2. Ionospheric Source Regions

The dayside prenoon cleft is a consistent source of low-
energy ions of escape velocity regardless of species or
activity level and the dayside afternoon cleft, or auroral zone,
region adds to this source for increased activity.

The auroral oval as a whole appears to be a steady source of
escape velocity H* ions at all local times, a steady source of
escape velocity He* ions for the dusk sector, and a source of es-
cape velocity heavy ions for dusk but primarily for increased
activity.

The region poleward of the auroral zone is a consistent
source of low-energy ions, although only the lighter mass par-
ticles appear to have sufficient velocity to escape to higher al-
titudes.

6.3. Evolution of Field-Aligned Distributions
During Qutflow

The observations support two concepts for outflow: (1) The
cleft jon fountain consists of ionospheric plasma of 1-20 eV
energy streaming upward into the magnetosphere where high-
latitude convection electric fields modify the ion paths result-
ing in a poleward dispersion of the ion trajectories. (2) The
auroral ion fountain consists of field-aligned beams which
stream outward along auroral latitude field lines, and in addi-
tion, for late afternoon local times, experience additional ac-
celeration, such that ion energy distributions tend to exceed
the detection range of the instrument (>50-60 eV),

6.4. Absence of Cold Plasma Observations

The "low-count” and "nothing observed" trends with mag-
netic activity appear to complement that of the unidirectional
licld-aligned beam distributions and are representative of two
possible conditions: regions in which the ions have energies
relative to the spacecraft so low that they are repelled by posi-
live spacecraft potentials or regions with no ions having en-
ergies within the detection range of the instrument. We can-
not always assume, in low-density regions, that cold plasma
does not exist just because it has not been measured.
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Observations of Polar Ion Qutflows
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The characteristics of the polar ion outtlows as observed in the topside polar ionosphere by the Dynamics Explorer
Retarding Ton Mass Spectrometer are reported in this study. The study is restricted to altitudes between 1000 and
4000 km in order to focus on the phenomenon of the “classical polar wind. ™ Except insofar as they convect into the
polar cap at these altitudes. auroral and cusp/cleft outflows are specifically excluded from this study. Using a
method based on the “relative wind™ of ions as seen from the moving spacecraft. averages and variances of the
magnetic field-aligned ion flux and velocity. and the species densities. are derived and binned for examination of
their altitudinal. seasonal. and magnetic activity dependencies. The data set used encompasses the period from
autumn 1981 through 1983. the altitude range from 1000 10 4000 km. and invariant latitudes greater than 70°.
Observations of H*. He ™. and O~ with energies down to spacecraft potential are reported. It is found that the
polar outflows are not well correlaied with common indicators of solar or geomagnetic activity. The average
parameters of the outflows exhibit a winter enhancement of He™ flux. a winter decrease in H~ flux. and a
summer enhancement of the asymptotic outflow speeds of all species. The solar F,, ; (and hence EUV) flux is
correlated with the acceleration profile of the flows. with slower flow velocities at 2500 km altitude for active solar
conditions. Evidence is found that the H™ flows are. at times. subsonic in the altitude range studied. in contrast 0 _

cold polar wind models.

INTRODUCTION

The upward flow of ionospheric ions from Earth's polar region
has been studied extensively over the past two decades with the
bulk of the work being theoretical. The earliest suggestions regard-
ing this phenomenon were based on the then new idea of open
magnetic field lines connecting the polar ionosphere to the distant
magnetotail and the solar wind magnetic field which would provide
a means of escape for ions energetic enough to overcome Earth's
gravitational pull. Dungey [1961] noted that open magnetic field
lines should upset the plasma equilibrium along those field lines.
Dessler and Michel {1966] and Nishida [1966] pointed out that at
sufficiently high temperatures H* would “evaporate™ from the
ionosphere and escape into the tail. Numerical studies involving
solutions to the steady state hydrodynamic equations showed that
when the dominant species in the ionosphere is O* these heavier
ions and electrons play a role in the ion outflow process by creating
an ambipolar electric field through which the lighter H* and He *
arc accelerated {Banks and Holzer, 1968, 1969a.b]. Axford |1968)
invoked this “polar wind" flow to provide a nonthermal escape
mechanism for He from the terrestrial atmosphere. Following these
initial modeling efforts. discussions of the outflow under collision-
less conditions spawned several kinctic models |Dessler and
Clowrier. 1969: Lemaire and Scherer. 1970. 1971. 1972] which
were later shown to be in agreement with the hydrodynamic formu-
lations |Banks et al., 1971 ].

Increasingly. more detailed models have been developed to
Study the dynamics and cnergetics of the outflow of H*, He™.
and O* from the polar region |Marubashi. 1970; Holzer er al..

Copyright 1991 by the American Geophysical Union.

Paper number 90JA02180.
0148-0227/91/90)A-02180805.00

1971: Lemaire, 1972; Banks. 1973 Bailey and Moffets, 1974
Banks et al.. 1974, 1976: Strobel and Weber, 1972 Raiti et al.,
1975, 1977, 1978a.b: Schunk et al.. 1978; Schunk and Watkins,
1979, 1981, 1982; Otrlex and Schunk, 1980: Gombosi et al., 1985;
Barakat et al., 1987. Schunk and Sojka, 1989]. Al but the most
recent of these have been reviewed by Rairr and Schunk [1983].
The basic predictions for ion outflow have remained roughly the
same over two decades at ~10® and ~ 107 ions cm™ s' (at 1000 km
altitude) for H* and He ™, respectively.

Rain and Schunk [1983] have pointed out the lack of cxperi-
mental observations of the polar cap outflows. To date. the results
include initial observations of the nondiffusive density profiles
and upward H™ tlow by Hoffiman {1970] from Explorer 31 and
measurements of the outflow of H™ and He™ from ISIS 2 by
Hoftman ¢r al. |1974} and Hoffman and Dodson |1980). This
latter study included data trom a 4-weck period centered on the
winter and summer solstices and the spring and autumn equinoxcs
of 1971 and 1972 with approximately 50 orbits of data for cach
scason at an altitude of 1400 km. The basic results include H™
fluxes of the order of 108 em™ 57! and He ™ fluxes of the order of
107 em™ 7' (at 1000 km altitude) with strong scasonal
dependence.

Casc studics of polar outflow have recently been carricd out
using data from the Dynamics Explorer (DE) mission [Gurgiolo
and Burch, 1982; Sojka et al., 1983: Nagai et al.. 1984]. These
studies concentrated on the ion velocity distributions of polar
wind outtlows demonstrating the supersonic behavior of the H”
ion outflow at high altitudes. Biddle et al. |1985] also used DE
data to determine the ion heat flux in polar wind outflows and
found at least onc case to be in agreement with theoretical predic-
tions that the scnse of the heat flux should reverse as the plasma
flow becomes supersonic. In addition. results of statistical studics
of upflowing ions with cnergies greater than 10 ¢V have been
presented by Yau et al. |1985a.5).
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The following results arc based on observations of polar cap ion
outflows using the retarding ion mass spectrometer (RIMS) on DE
) [Chappell et al.. 1981). The purposc is to show average valucs
of ion flux. velocity, and density as well as altitudinal. scasonal.
and magnetic activity-related variations in the polar outflows for
encrgics down to ionospheric values (<1 eV). The addition of
these results to those already published will provide a more
complete picture of the phenomena of ion outflow from the polar
region.

DATA AND TECHNIQUES

The data for this study were taken during the period from
October 1981 through April 1983 and cover the altitude range
from 1000 to 4000 km. All observations are from the RIMS radial
detector which samples ions in the satellite spin plane. The spin
plane contains the satellite velocity vector and is parallel to the
orbit plane. The ion velocity and flux measurements are obtained
by integrating the observed flux over the spin cycle of the satellite
for a zero retarding potential analyzer (RPA) voltage. A full
description of the technique with error analysis can be found in
the work by Chandler and Chappell [1986].

It should be noted that using the zero RPA setting implies that
any superthermal population which may be present in the high-
atitude ionosphere will also be included in this analysis. This is
unavoidable since these data are taken from the period when the
RPA was not functioning. An attempt has been made to minimize
the possibility of “contamination™ by superthermal populations of
either auroral or cusp origin by restricting the observations to
invariant latitudes greater than 70° and altitudes below 4000 km.

The velocity measurements were made under the assumption of
zero convective plasma motion in the satellite spin plane. Error
analysis shows that this assumption results in errors of less than
50% in the resulting velocities for convective electric fields. at
ionospheric altitudes, of less than 100 mV m~'. To minimize the
effects of convective electric fields the data have been restricted to
invariant latitudes greater than 70°.

For the average flux and velocity values the statistical standard
deviation is typically of the order of the average value of the quan-
tity. Thus all error bars shown in this paper are the statistical
values for one standard deviation. Chandler and Chappell [1986]
concluded that the error in determining the ion velocity was of the
order of 100 m s~'. In the present study the data have been aver-
aged into 2°-wide bins in spin-phase angle. This = 1° uncertainty
in the angles yields errors of the order of 20% following the error
analysis of Chandler and Chappell [1986]. However, it also
yields a lower limit on the measurable velocity of ~150 m s
(under the assumption that the satellite velocity is 8 km s! and
perpendicular to the magnetic field). Given the high outflow
velocities for H* and He* the 20% error is the more useful
number. For O*, however. this lower limit results in some
ambiguity for the lowest measured values.

The calculation of ion densities in this study assumes zero
spacecraft potential. Because of the large spacecraft velocity the
O* ram energy was >4.5 eV in all cases. Thus the O Mach
number, relative to the spacecraft, was >2 (assuming an o*
thermal energy less than 1 ¢V) and only small errors (<20%) in
the O* density calculations are expected due to spacecraft poten-
tial. Likewise. the He* Mach number was likely to be >1 result-
ing in errors less than a factor of 2 for potentials less than2 V. On
the other hand, the H* Mach number could range from | down to
0.5 for a | eV thermal energy resulting in density estimates t00
low by up to a factor of 4 for potentials up to 2 V. However, the

CHANDLER ET AL.: OBSERVATIONS OF POLAR loN OuTFLOW

average O™ density in this data set is >500 em™ at all altitudes
which. based on the results of Olsen [1989], gives an estimated
spacecraft potential of less than 1 V. Fora | V potential the max-
imum errors for He* and H* densities become factors of 1.3 and
2.0, respectively. These estimates of the reduction of flux due to
positive spacecraft potential are derived from simulations of the
RIMS instrument using the equations of Parker and Whipple
[1970].

Approximately 2000  |-min-duration observations  were
analyzed for each ion. After restricting the data to high latitudes
the total number of observations is 914 for each ion species. The
distribution of data samples with respect to season was 61 samples
in spring, 205 samples in summer, 521 samples in autumn, and
127 samples in winter.

v-

x

OBSERVATIONAL RESULTS

Average Flux

Variability with geophysical paramerers. 1t is expected that the §
outflow of ions from the polar regions will vary in its magnitude
with variations in geophysical parameters. The RIMS polar wind
data have been studied in an attempt to show the magnitude of
such variations in velocity and flux. The polar wind outflow
should vary with season as a resuit of changes in the solar EUV
input as well as from known seasonal variations in the neutral;
atmosphere composition (e.g.. winter enhancements in [H] and
[He]). Table 1 shows the average flux of H* and He* for four
seasons defined by contiguous periods centered on the equinoxes
and the solstices. The H* flux exhibited a factor of 3 variation over:
the seasons, being largest (1.5X 10 cm™? s7') in spring and ¥
smallest (5 X 107 cm™ s™) in the winter. In contrast, the He* flux 3
was observed to reach its maximum value in the winter (2% 10
cm2 s~') and its minimum value in the summer (1 x 10° cm™s
In addition, the He* winter value was larger than that observed
spring by a factor of 2.

TABLE 1. Seasonal Variation of the Polar Wind Flux

Flux. cm ™ s~

Season H™ He™

Winter 6x10’ 2% 10’
Spring 1.5x10* 1x107
Summer 5x107 1x10°
Autumn 8x 10’ 6% 10°

"
AN

)

Solar cxcle variations. The RIMS data in this study come from ’
a period of declining solar activity. However, because of the rela- 3
tively short time period spanned by the observations, the variation ;3
in the solar 10.7 cm flux was not large. There are few observa- .
tions from periods of Fig7 > 200 (102 W m™* Hz™") and fewe"r 3
still for F g7 < 100 (10722 W m~2 Hz™'). Also, for the winter por- 3
tion of the year there was insufficient spread in the F o 7 values to 4
make meaningful correlations with the magnitude of the flux. For§
the summer season the spread was large enough to provide results:-
however, there is no indication of a significant trend in the data
with respect to Fyo 7. o

Variation with magnetic activire. To determine the effects of
geomagnetic activity on the ion flux in the polar region, two 3
indices were chosen, Kp and Ap. In the correlations of flux with3
the Kp index it was found that using the index from the 3-hour;
period previous to the time of a given observation resulted in avery
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ages with smaller standard deviations. While there exist somc
variations in the observed outflow with the Kp index, the vari-
ation is only a factor of 3 over the entire range of values observed
(0 to 7-). Similarly, the variations in H* with the daily-averaged
Ap also show about a factor of 3 variation. Neither of these vari-
atiions is considered significant when compared to the standard
deviations about the means.

Average Velociry

The average H™ upward velocity. from all data at invariant lati-
tudes greater than 70°, is shown in Figure 1. At altitudes below
~2000 km the average speed is near constant at 3—4 km s™'. In the
region between 2000 and 3000 km the speed increases to ~10 km
s~' and remains nearly constant, albeit with an increased standard
deviation, above 3000 km. In order to illustrate the effects of dif-
ferent geophysical parameters on the ion speed. the data was
binned according to the day of the year and by the value of the
10.7-cm solar flux. Figure 2 shows the H* velocity averaged over
day-of-year for values of the 10.7 cm flux <140 (107> W m™?
Hz™') and >190 (107* W m™ Hz™'). While this binning excludes
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rig. 1. The average velocity of H™ as a function of altitude for all data.
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Fig. 2. The average velocity of H™ as a function of altitude for F o 7 < 140
(103 Wm? Hz 'y and Fiy5 > 190 (107 W m2 Hz'Y).

a significant number of observations which fall in the range trom
140 (1072 W m™ Hz™') to 190 (10722 W m™2 Hz™"). the separation
between the bins accentuates the differences. The difference
between these two profiles appears in the midaltitude region
where for low F g ; the speeds in this region are ~50% higher than
for high F o, flux. In addition, in the high F o, flux case the
acceleration occurs above 2000 km whereas for the low F o 7 flux
case the increase in speed begins below 2000 km. While this
effect is small and is within the standard deviations. the fact that it
is seen in all the averages between 1500 and 4000 km suggests
that it is indeed a real effect.

For averages over all F)q ; values but at different seasons of the
year the profiles again exhibit significant differences. In Figure 3
the speeds are shown for the summer season (May 6-August 4 in
the northern hemisphere and November 4-February 3 in the
southern hemisphere) and the winter season (November
4-February 3 in the northern hemisphere and May 6-August 4 in
the southern hemisphere). There are no significant differences in
the average speeds in the altitude range below 2000 km. How-
ever, at altitudes above 2500 km the average speed for summer is
~25-70% higher than the winter average. Again, as in the case of
the results in Figure 2, the deviation about the mean is large in the
high-altitude region, suggesting additional influences controlling
the maximum speed.
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Fig. 3. The average velocity of H™ as a function of altitude for the summer
season and the winter season.

The two-season binning is not entirely satisfactory for showing
the real seasonal variation. Unfortunately, there are insufficient
data 10 allow meaningful results as a function of altitude to be
obtained for all seasons. There are sufficient data to produce good
statistics for the autumnal equinox case. As might be expected the
maximum average speeds fall between those for summer and
winter.

The outflow speeds for He ™ are about a factor of 34 less than
thc H™ values on average. although the deviations about the mean
values are similar. While the altitude profiles are similar to those
of H™ . there exist some noticeable differences. Figure 4 shows the
He " speeds for high and low Fq 7 flux. Due to the larger variations
about the mean values these results are not as clean as those for
H ™. The results are. however. similar to those for H™ with regard
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Fig. 4. The average velocity of He * as a function of altitude for F,, ; < 140
(16°22 W m™2 Hz™") and F g5 > 190 (1072 W m™ Hz™").

to the Fq - variation. As for the seasonal variation (Figure 5) the
difference between summer and winter is less than 20% (with the
summer velocities lower than the winter velocities) which is much
less than the standard deviations.

In the majority of the observations the O* outflow speed was
less than 2 km s~' so that experimental uncertainties make a
comparatively larger contribution to the standard deviations. Thus
the statistica) significance is less than for H* or He™.

Velocirv correlations. Over the range of altitudes covered by
this study, O* was the dominant ion. Therefore it is expected that
both H* and He* would behave as minor ions. As the previous
figures have shown there are similarities in the speed-vs-altitude
profiles for the two minor species. To investigate the degree of
correlation between the velocities for the two species, the H*
speeds for altitudes between 2000 and 4000 km have been sorted
into bins with 2 km s™' widths and averages have been computed
for the corresponding He™ speeds. Figure 6 shows the results
along with a lincar fit to the data. The resuiting parameters arc
given in the figure.
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Fig. 5. The average velocity of He ™ as a function of altitude for the summer
season and the winter season.
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Fig. 6. The average velocity of He™ as a function of the H™ velocity.

The results in Figure 7 show H* velocity vs. O™ velocity for __,
altitudes greater than 2000 km. While there is a systematic 3
increase in the average H” speed with the change in O™ velocity 3
from -2 km s~ (i.e.. downward) to + 2 km s} (upward) the effect- 3
is not striking. However, the range of observed H™ speeds, as.
cvidenced by the bars corresponding to the standard deviation
about the mean value, also increases as the O" speed increasesdy
from —2 10 2 km s™'. To more clearly illustrate this point. the ma:
imum and minimum values of the H* velocity in each bin-
shown. Notc that while the minimum values are about the sam '
for all values of the O™ velocity. the maximum H™ speed incre: es
dramatically as the O* velocity increases. At altitudes above -}
2000 km it is expected that the plasma is collisionless. Thus the 78
processes which are responsible for the correlations seen in Figure 3
7 must cither be taking place lower in the ionosphere or are affect- "4
ing the accelerating. ambipolar electric field.
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Fig. 7. The average velocity of H™ as a function of the O™ velocity for all #
data from altitudes greater than 2000 km. The inverted triangies above the 3
averages are the maximum H ™ velocity values ineach O™ velocity bin. The's
triangles below the averages are the minimum H ™ velocity values in each O’ v
velocity bin. gt
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Velocity theory comparison. The average 1on velocities dis-
cussed and shown above exhibit large statistical variations. It is
important to understand whether these variations are indicative of
cxperimental uncertainty or actual geophysical fluctuations.
Figure 8 is a scatterplot of all the H* velocities used in this study
as a function of altitude. Two points should be noted regarding
these results. First, the values tend toward zero as the altitude
decrcases and the width of the spread in velocity increases with
altitude. Theoretical results suggest this type of trend. For
example, the results of Ruirr er al. [1975] show the upward H™
velocity increasing from a value near zero at ~800 km up to a
maximum value, in the altitude range between 1000 and 2000 km,
which depends on the boundary condition imposed at 3000 km.
The solid curve in Figure 8 is their result for an upper boundary
velocity of 20 km s™'. This curve encompasses the RIMS results
and follows closely the altitudinal profile suggesting that the fluc-
tuations are mainly geophysical in nature.
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Fig. 8. Velocity of H™ as a function of altitude for all data.

Average Densiry

The average density as a function of altitude (for altitude
intervals of 500 km) is shown in Figure 9. In this altitude range O *
is always the dominant ion being of the order of 10 cm™, while
H™* is ~100 cm™ and He* is ~10 cm™. According to polar wind
theory the major ion, O*, will establish the polarization electric
field and the minor ions, H* and He ™, should have the same alti-
tude dependence as the dominant ion. This is indeed the case in
the observations. When normalized to the O* density, the H* and
He™ densities at the higher three altitudes agree with each other
and with the O™ to within 10%. The ions have different altitude
variations at lower altitudes because of differences in their ion
chemistry.

As with the average velocities, the densities have been aver-
aged for the cases of high and low Fq; flux and summer and
winter season. In the case of O™ (Figure 10) the density increased
with increased F 5 flux at all altitudes. This increase (by approxi-
mately a factor of 2) is consistent with an increase in the solar
EUV flux which is assumed to accompany a long-term increase in
the F\q, flux. Conversely, there was no significant change in
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Fig. 9. The average density of each ion species as a function of altitude for
all data samples.
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either the H* density (Figure 11) or the He * density (Figure 12). In Fig. 11. The average density of H™ as a function of altitude for F, ; < 140

the case of H*, while the O* density increases from solar mini-

(10 Wm?Hz"Yand Fy; > 190 (100 W m™ Hz '),
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Fig. 12. The average density of He ™ as a function of altitude for Fig7 <
140 (10022 W m~2 Hz'") and F g7 > 190 (100 W m™* Hz™").

mum to solar maximum conditions, the [H] decreases and the
results is little variation in H* density. Likewise, Raitt et al.
[1978b] found no significant solar cycle effect in the He™ density.

The seasonal variations are shown in Figures 13, 14, and 15.
The O* observations revealed a decrease in overall density from
summer to winter of about a factor of 3. The winter density at the
highest altitudes observed dropped to <200 cm™* which had signi-
ficant impact on the ability of RIMS to accurately measure the H*
density. This is evidenced in Figure 14 which shows a large dif-
ference in the observed H* density near 4000 km. In this altitude
bin the summer density is a factor of 4 higher than the winter
value. Conversely, at altitudes near 2000 km the densities were
either nearly equal or higher in the winter. A positive electrical
potential on the spacecraft resulting from the relatively low
electron density at 4000 km in the winter has screened out a por-
tion of the H* . Thus these observations represent a lower limit for
the actual values. Note that at the lowest altitudes the winter H*
density is higher than the summer value. This is consistent with a
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Fig. 13. The average density of O™ as a function of altitude for the summer
season and the winter season.
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winter enhancement in the neutral hydrogen density. Similarly-fo )
He*. at the lowest altitudes the winter density is significantly8
higher than the summer density. indicative of the winter neutriyg
helium bulge. But. as with the H™, the observed He™ wint o
density at higher altitudes falls to the level of the summer observe N
tions due to the positive potential.

SUMMARY

The classical polar wind picture is one of steady outflow=0
light ions through a stationary background of O". Results of th :
study show that when the real outflows are averaged over pe i0
of months such steady pictures do emerge. On the other hand; th&
lack of correlation between various geophysical parametel s
which vary over different time scales ranging from hours? ﬁ,
months, suggests that much of the variability in the polar cap 3
flows is a result of short time scale (<hours) phenomena. Ne
theless. there do exist some interesting aspects of these long
averages. Seasonal variations in the light ion outflows follow
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trend expected from known variations in the neutral atmosphere
Namely, the flux of He ™ increased by a factor of 10 from summer
to winter. As evidenced in the observations of the density and
velocity this increase was primarily due to increased density in
winter, a direct result of the winter [He] enhancement. The neutral
hydrogen density is likewise known to maximize during winter.
However, the H* flux had a maximum value in the spring. This is
probably the result of the interplay between the seasonal variation
of [H] and that of O* which exhibits a summer maximum.
Combining these two cycles can yield a spring maximum for the
product of [H] and n,+.

Correlations with geophysical parameters revealed some vari-
ations though most were small. Variations in the flux with
changes in the solar F g 7 cm flux were less than a factor of 3 for
H™*. However, changes in the velocity were evident at middie
altitudes (i.e., 2000-3000 km) where the light ions were observed
to undergo the largest net acceleration. The solar output, as
characterized by the F g 7 value, influenced the altitude at which
this acceleration began, the altitude being ~500 km higher at high
F 0.7 compared to low F g 5. This effect is a result of the higher
neutral temperatures in the exosphere due to the increased solar
output. These higher temperatures increase [O] and decrease [H)
|cf. Richards and Torr, 1985]. The increased [O] and higher
photoionization rate result in more O™ as observed (see Figure 10).
Asaresult H"-O™ friction, which restricts the H* upward speed,
becomes important at higher altitudes.

Conversely the maximum speed for the light ions is observed to
be more sensitive to the season than the F g ; flux. The season, or
more importantly. the solar zenith angle, is important in determin-
ing the ionization rate and hence the photoelectron escape rate and
the magnitude of the polarization electric field. Higher ion and
electron temperatures during summer may also play a role
depending on whether or not the H* flow is supersonic.

The ion outflow velocities revealed the influence of solar input
as discussed previously. There was also observed a high degree of
correlation between the velocities of the different ions. As
expected the light ions were well correlated in the magnitude of
their upward speed. The ratio of the He* velocity to that of H™
was 0.28 (with a correlation coefficient of 0.71). If both ions were
energized in the ambipolar field under conditions of zero colli-
sions and no gravity, this ratio should be 0.5. However. because
of the mass dependence of the energy loss to gravity the net
cnergy gain for He™ is less and the ratio is lower.

The upward speed of H* was also observed to be correlated with
the direction of O™ flow. While the average H* velocity did not
show substantial variation with O" wvelocity, the range of H™
velocities increased as the O™ velocity changed from downward to
upward. That is, higher upward H* speeds occurred at times when
O~ was also moving upward. These relationships are indicative of
the interplay, by means of the polarization field and collisions.
among the ions which participate in the polar wind flow. For
example, downgoing O* may occur in regions where there exists a
time-dependent decrease in the electron and/or ion temperature of
sufficient magnitude to affect the polarization field. Thus while
the partial pressure of H* in the ionosphere might be sufficient to
causc outflow the reduced ambipolar ficld would restrict the mag-
nitude of that outflow. Such a case has been modeled by Schunk
and Sojka [1989] where they found O*/H* counterstreaming in
regions of decreasing temperature.

The question of subsonic versus supersonic flow is beyond the
scope of the current work. depending on a thermal analysis of the
outflows. Some inferences can be made, however, by comparing
the observations of the H* velocity as a function of aititude to
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theoretical results je.g.. Banks and Hoizer, 1968]. Soiutions to
the equations for the H* Mach number show profiles. correspond-
ing to subsonic solutions, which reach a maximum at some alti-
tude and either decrease or remain constant above that altitude. If
the results in Figure 3 are taken as representative of such a situ-
ation then the implication is that on average the maximum flow
speed during winter was less than the sound speed. The conciu-
sion may then be drawn that at times during the period of the
observations the plasma pressure remained finite along these polar
cap field lines. Indeed, several of the velocity profiles from
individual orbital passes through the polar cap show a similar
structure. Attempts to correlate this effect with geophysical and
solar parameters have, to this point, been unsuccessful. To date,
no theoretical work has addressed this issue through systematic
investigation of outflow characteristics as a function of the
pressure at the “far” end of the flux tube.

There remains much to learn regarding the nature of the polar
wind. The question of the polar wind Mach number is left
unanswered by this study due to the lack of knowledge of the ion
temperature. Techniques for the determination of ion temperature
from all available RIMS polar ionosphere observations are being
developed. However, the implication of a subsonic polar wind
(e.g.. nonzero “backpressure” along polar cap field lines) should
provide impetus for a detailed parametric study of the character of
the polar wind velocity under such conditions using the currently
available theoretical models. Future observations should shed
more light on this topic. Likewise, observations made on shorter
timescales will aid investigators in addressing the influences of
rapidly varying geophysical parameters. Such measurements will
be available from instruments such as TIDE on the ISTP/POLAR
mission.
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Update on polar wind thermal characterizarion scheme

The application of thermal analysis techniques o the DE 1/RIMS polar wird dataset
is an interesting chalienge. While the RIMS design was a significant improvement to
previous Retarding Poteatial Analyzer (RPA) instruments, its moss-resolving capabilities
‘ntroduced additional complexities in the form of an encrgy-dependent souid anglc aperture
and @ finite energy bandwidih beyond the RPA seuing. In additicn, in-light anomalies
-produccd significant difficulties in comparison o the analysis ul conventional RPA
datasets. Pardcularly relevant 1o the RIMS poler wind dataset is -hai the radial head RPA
mechanism failed to operate properly early in the mission lifetime.

Fortunately though, by adopting & numerical quadrature approach to the solution of
the response integral, using sums over the aperture ares, soi:d angle, and energy limuts,
energy-dependent complications may be sufficiently simulated. And, because separate spin
and RPA profiles are available for each of the three instrument heads, the radial head spin
curve and the end head RPA curves are usable for temperazure analiysis even in the absence
of the radial head RPA information. Since the effect of the radial RPA failure is &s if the
retarding voltage was consrantly zero, the total counts measurement remains accurate.
Numerical algorithms of this type tend to be computatiorally inteasive, but havc. tha
advantage of being applicable to a variety of plasma distribution functiens.

In the case of the polar wind dataset. further considerations on the daza analysis
technique are nccessary. Strictly speaking, spacecraft spin angle distributions observed in
situ are not true pitch angle distributions. The mcasurcd spin angle is defined in the
teference frame of the spacecraft, which is different from the plasma rest freme due to
spececratt motion (2 8 kiluueiers per second, depending on spacceraft altitude). This
difference in reference frame would be of little consequence provided the thermal speed of
the plasma is large compared 10 the spacecraft ‘ram speed. Fur u spuceuialtiuedian speed
of 5 kro/s, a factor-of-five ratio of thermal speed to spacecrart speed inipiies 3.5 ¢V fur H”,

13 eV tor He™ and 52 eV for OF. Because polar wind energies are considerably below this
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tareshold, the RIMS spin angle data contain informaticn aoout both the crgalar distribution
of the plasma in its own frame of reference (the conventional pitch angle distribution: and
the drift motion of the slasma relative to the spacecraft. These two aspects of instrument
rcsponsc tend to domunatc independently — one at times obscuring th§ other - depending on
the plasma'’s thermal speed and its re.aton te the spacccraft and piasma drift specd.
Roughly speakiag, it is for subsenic (thermal specd greater than drift speed) ion
Mach numbers that the angular cheracteristics of the distribuidvn die best reovived and fou A
supersonic Mach numbers that drift motion is most easily resoivable. Note that in the cuse
of H+, tlow will be subsonic for thermal components as low as | eV whan drift velocities
are less than 15 ks, ‘Lhe bottom Line, for RIMS polar wind daa, is that the reiative dnift
motion will dominate the spin angle respense. leading to a "rammed” flux peak 1n tne
direction of relative wind as seen ir the spacecraft frame, The angular (and hence,
temperatu:e) information wili be apparent only in the detailed shaoe oI the rammed peag
and may, at times, become indeterminate. The end-head RPA profiles then, tecoms
increasingly important ta the accurate determination of our polar wind thermal properues.
With all these cautions in minﬂ, a numerical simulatioa mode. of the RIMS
response to a flowing plasma distribution was written [Giles 2t a . 1993]. The simulation
tachnique improves on previous work by realistically moceling the interaction of a moving
spacecraft with o drifting plasma anc by allowing insertion of a variety of distribution
functions (for cxamplo, bi-Maxwel:ian, generalized Lorensz (Kappa), end Spitzer-Hdrm
[1953)), ihe three~companent drift velocity, and a variabic spaccerzit potential. For the
volar wind study, the distributiun function is assumed to be a flowirg bi-Maxweiliar whizh
s accelerated through (he puiwntial differencs between the spacecraft and the plasma. The
potential crop i3 assumed to occur in 4n infinitesimally thin sheath about the spacecratt and
the detector, rendering the detail of sheatn structure unimpoiiai., T11§ iaplementation
allows simultaneous fitting of the racial sector spin curve dauta und the cud sec.or RPA

(energy) curves.
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Figure 1 shows simulated RTMS spin-angle and RPA responses (o a bi-Maxwellian
plasma distribotion (sclid lines) and the RIMS polar wind data {crosses) for 1682/106
22:17 UT. Note that the instrumen: response, for a given detector iook directian, is to ions
with velocities anti-paralle! to the detector look direction Plasma distribation parameters

for this fit arc:

density 224 ¢ 3
T 0.36eV
Ty 028¢eV
field-aligned velocity 4.14 kmy/s
anti-sunward convection velocity 2knvs

Note that these parameters correspond to a cold subsonic outwara flow (lon Mach
number ~0.49). Early predictions indicated that the H* pelar wind thermal distributions
should be anisotropie, with T)»T for superscnic outflows and Ty<T for subsonic tlows.
The present example however, fits in with work by Wu and Taieb [1993] showing that an
upward heat flux may exist even for subsonic flow at low altitude in the high-latitude
innasphere.

Processing of the RTMS polar wind dataset using the RIMS simulation code
continues as of April, 1095, Several studies have been comnleted which relieve difficulties
associated with fitting multivariate functions. Frequeatly it is & matter of art to decide
which variables in a model should Ye fit from the dataser, and whica should be held
constant at fixcd values, for example values predicted by theory or derived ia previous
aualysis, In the casc of the polar winc data scs, variables poentially free for fitting to the
duta are the spacecrall poteatial, plasma density, the two-component plasma temperature,
and the three-component plasma bulk fJuw velocity. La the present implemeatation, the ion
field-aligned velocity component and flux meusurciiens (ard so, tas density value) are
held fixed. Their vajues were cbtained [Chandler er i, 1991) Ly integruting the observed
tlux over the spin cycle of the sawellite for a zero RPA voltage. Alsvu, the spacecralt
potential value is held fixed during the first stage of the fitting process, an initiai value

being derived trom an empirical relationship between the piasma deasity and spacecrait
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potential {Comfor: et al., 1988). Velues fit from the daia set then are the two-component
temperature and the ramaining two components of the bulk flow velocitv. The
perpendicular temperature is fit by chi-square minimization to the end-head RPA nrofiles.
The parallel tempcrature is similarly fit to the radial head spin angle profile. The orientation
of the spacecraft for the polar wind data set is such :bat the cxpected enti-sunward
convection velocily is aluost completsly described by the y cemponent of the bulk flew
veloclty vector. This is flt first by minimization w0 (be radial head spin angle profile and
then refined through minimization ‘co' the end-head protiles. Last, the spacecreft potential
value is fit in the same order, to the same three profiles. The fit in figure | was obtained by

this method.
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